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'^The'use  of  holography  In  studying  certain  fluid  aeohanlcs  probleas  was  investigated, 
This  effort  speolfically  exaalned  the  application  of  holography  toi  (l)  high  speed 
(aupewonlc)  flov/  fields  by  Injecting  different  liquid  jets  perpendicularly  into  a 
Haoh  3  8**  streasi  to  observe  how  J>t  breakup  occurs,  and  (z)  the  atoaisation  oliarac- 
terlatlos  (droplet  alee  and  spatial  distribution)  of  a  liquid  Jet  Injected  into  qui¬ 
escent,  ataosj^ieri 0  air.  The  holograss  were  recorded  In  the  off-axis,  Fresnel,  irans- 
aiseion  arrangeso^.t. 

The  ariables  rP  interest  were  wind  tunnel  total  pressure,  liquid  type,  orifice 
diaaeter  and  llqui*.  injection  velocity.  Twenty-five  holograas  were  taken  of  flow 
fluids  resulting  I’ron  the  different  test  conditions.  Variation  in  jet  aaplltude  and 
wa>elength  as  th*.  liquid  progressed  froa  the  injection  point  were  clearly  visible,  and 
these  data  were  q^fOitlfled,  For  the  test  conditions  of  this  investigation,  the  effect 
of  fluid  physical  prjporties  (viscosity  and  surface  tension)  was  negligible,  Aapli- 
tude  and  wavelength  growth  was  due  to  Inertial  forces. 

Radial  distribution  of  the  droplet  nuaber  and  mass  for  a  jet  injected  into  still 
air  was  found  to  increase  aonotonically,  then  dscroase  wltli  Increase  in  radial  posi¬ 
tion,  Droplet  size  distribution  variation  was  observed  to  exist  at  two  different 
axial  regions  of  the  jot.  The  aode  becaae  snallar  with  increase  in  axial  distance 
froa  the  injection  point. 

The  analytical  aethod  for  processing  three-dimensional  droplet  data  consisted  of  a 
system  of  computer  prograas  which  operated  on  the  droplet  size  and  spatial  coordinates 
to  determine  size,  mass,  number  and  spatial  distribution.  Two  methods  for  retrieving 
holographic  data  were  devised. 
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ABSTRACT 


The  use  of  hologratjaiy  in  studying  certain  fluid  ^chaaics  pro- 
bleas  was  investigated.  The  hologc.a;hie  technique  can  record  e  flow 
field  in  three  diasaasions  by  on®  pulse  of  a  User.  This  effort  speci¬ 
fically  exaalned  the  application  of  hologr®,]^  tog  (l)  high  speed 
(supersonic)  flow  fields  by  injecting  difr.'ere^t  liquid  Jets  perpendi¬ 
cularly  into  a  Ibch  3  gas  streaa  to  ebsex^ve  how  Jet  breakup  occurs  ^  and 
(2)  the  atoaisation  chameterlstics  (droplet  sine  and  spatial  dlstrlbu- 
tioa)  of  a  liquid  jet  injected  Into  quiescent ^  ataosipheric  air.  Th® 
hologxaas  were  wcorded  In  the  cff-axls,  Fresnel,  transaissiott  a3a®ag©« 
rent.  The  hologra^iic  recording  syetesj  coneistod  of  a  3  Joule,  pulsed 
3?uby  laser,  whose  pulse  width  was  50  nanoaocoadu ,  and  a  holocanei^. 

Five  liquids  (water,  trichloroethylene.  Freon  113,  nethanol  and 
water/photoflo  solution)  war©  injected  individually  through  different 
siae  orifices  (.042,  .050,  ,062  inches  in  dianater).  The  varltvblea  of 
Interest  were  wind  t^uinel  total  pressure,  liquid  type,  orifice  dia«* 
ueter  and  liquid  injection  velocity.  Twenty-five  helegm©  warn  taken 
of  flow  fields  resulting  fros  the  different  ieat  conditions.  Variation 
in  Jet  aaiditude  and  wavelength  as  th®  liquid  progressed  froai  the  ia« 
potion  point  wore  clearly  visiMe,  and  these  data  were  quantified.  It 
^  found  ths.t  an  equation  of  the  fora 

Aaplltude,  f/avelength  «  C(inJoction  diatancs)^(dyna®ic  pressure  ratio)^ 
^eled  the  data  well.  For  th®  test  conditiose  of  this  investlgatica, 
the  effect  of  fluid  physical  ptropertles  (viscosity  and  surface  tension) 
was  a0glit,.'ble,  Arpliiude  and  wavelength  growth  was  due  to  inertial 
forces,  Oro^et  data  in  the  sui^rsoaic  streaa  was  aot  dlseerdHO.®, 


ill 


This  was  attributed  to  the  dro|iLet  sizes  being  less  than  the  resolution 
capability  of  the  holographic  S3r3tea  (approrimtely  15  aicrons)  aiKl  the 
velocity  of  the  droplets,  which  soved  spporoxiaately  10-25  aicrons  within 
the  50  nanosecond  pulse,  causing  a  snear  p<f  the  droplet  i«ige. 

Radial  distribution  of  the  droplet  number  and  smas  for  a  ^t  in¬ 
jected  into  still  air  was  found  to  increase  monotonlcally,  then  decrease 
with  incr^use  in  radial  position.  The  droplet  field  sporeading  increased 
with  Increase  in  distance  from  the  injection  point.  DropJrft  sise  dis¬ 
tribution  variation  was  observed  to  exist  at  two  different  axial  re¬ 
gions  of  the  jet.  The  mode  bocane  smaller  with  Increase  in  axial  dis¬ 
tance  firoM  the  Injection  point.  Drop  size  distribution  for  the  data 
from  this  investigation  was  modeled  wall  by  either  a  log-probablliiy 
or  modified  general  exponential  function.  Excellent  results  were  ob¬ 
tained  with  the  cumulative  volume  models,  but  poor  correlation  was  ob- 
taJjied  with  the  droplet  volume  derivative.  This  was  attributed  to  the 
wide  scatter  in  the  data  when  it  was  arranged  in  the  volume  derivative 
form. 

Two  methods  for  retrieving  holographic  data  were  devisedt  (l) 
direct  —  data  is  taken  directly  from  the  scene  volume  and  input  on 
magnetic  tape,  and  (2)  alternate  —  photographs  are  taken  at  discrete 
planes  within  the  scene  volume,  processed  through  a  film  reading  ma¬ 
chine  and  the  data  punched  on  cards.  The  analytical  method  for  pro¬ 
cessing  three-dimensional  droplet  data  consisted  of  a  system  of  compu¬ 
ter  programs  idiich  operated  on  the  droplet  size  and  spatial  coordinates 
to  determine  size,  nass,  number  and  spatial  distribution,  Inforaation 
is  output  in  tabulated  and  plotted  fora.  The  data  can  be  characterised 
by  selected  distribution  functions  and  calculated  mean  diameters. 
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1.  BacP^ound 

(l)* 

The  interest  in  liquid  jet  behavior  dates  back  to  Lord  Rayleiglr  « 
Since  his  original  paper  of  18?8,  many  people  have  attempted  to  deter¬ 
mine,  both  analytically  and  experimentally,  the  mechanisms  and  physical 
processes  by  which  a  liquid  jet  disintegrates  into  droplets.  The  atomi¬ 
zation  process  occurs  in  stages  and  generally  begins  with  a  disturbance 
of  the  liquid  jet  surface,  then  the  formation  of  ligaments  as  the  per¬ 
turbed  surface  becomes  more  unstable?  and  finally  the  ligaments  break  up 
further  into  droplets.  Limited  success  has  been  achieved  in  theoreti¬ 
cally  predicting  the  form  of  disturbance  that  most  rapidly  leads  to  jet 
instability,  Jet  behavior  and  structure  vary  significantly  in  the  dif¬ 
ferent  flow  regimes}  laminar,  transition  and  turbulent.  This  indicates 
that  the  breakup  mechanism  is  different  for  each  regime.  Surface  ten¬ 
sion,  capillary,  viscous.  Inertial  and  combinations  of  these  forces  doml- 
in  certain  regimes  cind  under  cci^tain  flow  conditions,  and  influen'ie 
the  jet  be/iavior  accordingly.  Although  it  is  known  that  the  jet  broa.kup 
meci.anism  depends  on  the  flow  regime,  the  ultimate  problem  of  thaorott- 
cally  predicting  drop  size  distribution,  given  a  set  of  flow  cor.cfUlcns , 
fluid  pi'opertles  and  injection  geometry,  has  not  been  solved.  However, 
empirical  relationships  have  been  developed  by  various  in' estigators 
studying  liquid  jet  behavior  under  various  flow  conditions  and  geometries. 
They,  Harmon^^^,  Ingebo  and  Foster^  Nukiyama  and  Tanasawa^*^^ , 
Volynskiy^^\  and  Weiss  and  Worsham^^\  to  name  a  few,  have  correlated 
various  flow  parameters  with  some  characteristic  mean  droplet  diameter. 
Liquid  jets  were  injected  into  air  whose  velocity  ranged  from  zero  to 

^Superscripts  in  parenthesis  Indicate  the  references  listed 
at  the  end  of  the  report. 
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supersonic  speeds.  These  and  other  Inves-tlga-tors  Imve  established  that 
the  most  important  factors  which  influence  drop  size  are  nozzle  geometry, 
operating  conditions  and  fluid  (liquid  and  gas)  propertiee.  The  relative 
velocity  between  the  liquid  jet  and  the  gas  into  which  the  liquid  is  in¬ 
jected  plays  a  major  role  in  the  resulting  drop  size  over  the  total 
range  of  gas  conditions  considered.  Needless  to  say,  a  problem  which 
has  defied  theoretical  analysis  for  nearly  a  hundred  years  is  a  very 
complex  one. 

The  interest  in  liquid  jet  behavior  is  as  keen  today  as  it  has 
been  through  the  years.  This  is  due  to  the  many  practical  applications 
which  employ  a  liquid  jet.  Some  of  thsBO  uses  arej  chemicsd  pxocesaes, 
aerosols,  atomization  of  liquid  fuels  in  automobile,  jet  and  rocket  en¬ 
gines,  agricultural  for  spraying  of  crops,  neteorological  (cl  )ud  seeding), 
aerospace— thrust  vector  control,  supersonic  combustion,  external  burning, 
hydroquenching  of  solid  rocket  motors j  fire  fighting,  pollution  control, 
etc. 

Adequate  general  theory  and  scaling  laws  which  cha^’acterize  the 
resulting  spray  from  breakup  of  a  liquid  jet  has  been  and  is  being  sought. 
Spray  information,  drop  size  and  rrass  distilbution  has,  in  the  past, 
bsen  primarily  obtained  by  photographic  and  collection  methods,  but 
these  have  their  limitations.  Hors  recently,  the  holographic  technique 
has  evolved  to  a  state  of  developanent  such  that  it  can  be  appli0<i  In  the 
investigation  of  certain  engineer5.ng  probleas.  With  one  yjlrfc  of  a  leu.  ', 
the  holographic  technique  cem  record  a  flow  field  in  three  dimensions 
without  disturbing  it.  Due  to  tho  extremely  short  pulse  v<.dtl  of  a  ruby 
laser  (on  the  order  of  tens  of  nanoseconds),  a  flew  fioM  can 

be  "frozen*'  and  data  about  the  liquid  jet  structure  and  cliaracteri sties. 
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hor^KoT'/rQ  ikiaK (’ll *> ,  *».c'}'j1  rs'^ . 

Thl*;  Ui  1p;a^1  w  aypllfla  Km  hoi t^;Chnl'}u<i  *.o  ll'juL'l 
jf>t,  1  ri  p'' M  on  -i  !!'j  onlo  f'Afl  RtrtiA.u.  and  Into  3tlll  air,  to!  '’l; 

th<)  unofij] of  th«i  t<j/;hnlriue  In  o^irtain  fluid  aaohanios  pro- 
hifiM.f. ,  find  annul  r«5  ja-t,  atnioture  and  droplet  'Lata  pra'^ioualy  unat- 

ta1  n.ahl  a, 

'/ .  I'lirpoi^a 

Thlu  lnyastlp;atl on  was  a  multi- purpose  one.  The  first  objective  was 
to  In /outifTite  liquid  jet  breakup  and  droplet  formation  resultln;^  there¬ 
from  unlnjf  the  holrj^fraphlc  technique.  Of  coumc ,  the  purpose  is  to  ;;ain 
a  Miter  under«tandlnt<  of  the  meclianlsa  by  which  the  liquid  jet  breaks 
up  and  d  1  si nte// rates  into  dropleftc.  The  holoj^phlc  technique  can  pro¬ 
vide,  with  one  pulr.e  of  a  laser,  an  instantaneous,  full-s'ze,  three- 
dlmonfilonal  reprofluotion  of  a  flow  field  without  disturbins^  it.  This 
offort  e/arlnfr;  the  appH'^atlon  of  holourraphy  In  two  flow  re/;lmesi  (l) 
hlf/h  npeed  (supernonic)  flow  fields  by  injecttnuf  a  liquid  perpendicu¬ 
larly  Into  a  Mach  3  #fas  stream  to  observe  how  jet  oreakup  occurs,  and 
( ?.)  liquid  jet  Injection  Into  quiescent,  atmospheric  air, 

ilavlnu/  taken  the  holopprams,  th^  next  objoctlve  was  to  devise  an 
accurate  and  rapid  method  for  rotrlevin/^  quantitative  hcloi^phic  data, 
or  particular  interest  wan  the  structure  oi  ho  jet,  droplet  size  distri¬ 
bution  and  mans  spatial  dlstrlbutlrn. 

Once  drojilft.  data  wan  retrleve<J  from  the  hologram,  it  had  to  be 
reducetl.  Hence,  another  objective  was  to  develop  an  analytical  method 
to  reduce  tnroo-^llmennional  droplet  data,  size  and  spatial  coordinates, 
and  operate  on  It  statistically  for  subsequent  correlation  with  flow 


parameters. 

Ultimately,  the  endeavor  was  to  contribute  to  the  formulation  of 
a  general  theory  and  scaling  laws  which  govern  jet  breaJcup  eind  atomiza¬ 
tion  into  droplets,  so  that,  given  a  set  of  conditions,  the  resulting 
flow  field  can  accurately  be  characterized, 

3,  Method  of  Investigation 

A  general  description  of  the  manner  in  which  the  objectives  were  pur¬ 
sued  is  herein  presented.  After  defining  the  problem,  the  next  step  was 
to  conduct  a  review  of  the  literature  to  determine  what  is  known,  how 
accurately  the  jet  breakup  is  described  and  predicted,  and  what  addi¬ 
tional  information  is  needed  to  better  understand  the  atomization  mechan¬ 
ism  of  liquid  jets.  Since  one  of  the  regimes  of  interest  was  liquid  jet 
breakup  in  a  supersonic  stream,  experiments  were  conducted  in  a  Mach  3t 
blowdown  wind  tunnel.  Holograms  were  taken  of  the  flow  fields  resulting 
from  the  interaction  of  a  liquid  jet  and  the  supersonic  gas  stream  undejr 
various  flow  conditions,  A  hologram  was  also  taken  of  a  liquid  jet  in¬ 
jected  into  still  air.  Two  methods  w'  re  devised  for  retrieving  holo¬ 
graphic  data  from  the  holograms.  In  order  to  retrieve  data  from  a  holo¬ 
gram,  one  must  first  be  able  to  view  the  hologram.  This  is  accomplished 
by  illuminating  the  hologram  with  a  light  source  of  the  saime  or  similar 
wavelength  to  that  which  was  used  in  recording  the  hologram.  Both  me¬ 
thods  reconstructed  the  hologram  with  a  helium-neon  laser,  but  differed 
in  that  the  first  method  would  retrieve  data  directly  from  the  holograms 
and  input  the  information  on  magnetic  tape,  while  the  second  method  in¬ 
volved  taking  a  series  of  photographs  through  the  scene  volume,  and  used 
a  film  reading  machine  to  retrieve  the  date  which  was  then  punched  on 
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computer  cards.  These  methods  were  specifically  oriented  for  the  retrie¬ 
val  of  droplet  data;  however,  they  csui  also  be  used  for  retrieval  of 
other  types  of  holographic  data.  An  analytical  method  to  reduce  holo- 
gniphic  droplet  data  was  developed.  A  system  of  computer  programs  com¬ 
prised  the  analytical  method.  These  programs  operated  on  the  droplet 
size  and  spatial  coordinate  data  to  obtaini  (l)  the  drop  size  distri¬ 
bution,  (2)  the  various  mean  diameters,  amd  (3)  mass  spatial  distribu¬ 
tion,  The  law  data  was  also  modeled  by  known  distribution  functions  to 
determine  if  these  functions  could  be  used  to  characterize  the  resulting 
spray  from  the  jet  breakup.  The  data  obtained  from  liquid  jet  injection 
into  a  supeirsonlc  stream  and  into  still  air  wan  analyzed  and  organized 
for  presentation  in  the  most  meaningful  manner. 

Presented  in  the  subsequent  chapters  is  a  discussion  of  the 
literature  survey,  a  description  of  the  test  apparatus  and  experiments, 
an  explanation  of  the  holographic  retrieval  methods,  an  explanation  of 
the  holographic  v’ata  reduction  method,  a  tabulation  of  the  test  results, 
and  the  analyses. 
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CHAPTEK  II 


LITKRATtJRE  REVIEW 


? 


1,  General  Discussion 


A  comprehensive  search  of  the  literature  concerning  liquid  jet  break¬ 
up  into  droplets  was  conducledv  Both  analytical  and  experimental  works 
were  reviewed.  Jet  breakup  in  a  cross-stream,  either  supersonic  or  sub¬ 
sonic,  parallel  gas  stream  and  in  still  air  are  discussed  below  in 
Section  2.  Accompanying  jet  breakup  is  droplet  breakup.  Hence,  litera¬ 
ture  on  droplet  breakup  was  also  amassed,  but  will  not  be  discussed  in 
detail  here.  Those  interested  in  droplet  breakup  are  referred  to  a  re¬ 
port  by  Luna  and  Klikoff^^^  on  the  aerodynamic  breakup  of  liquid  drops. 

It  comprises  a  critical  survey  of  droplet  breakup  literature,  The  work 
appears  to  be  quite  thorough  and  contains  discussions  on  practically  all 
of  the  aocspted  droplet  breakup  investigations,  Including  those  by 
Hin2e^^\  Horrell^^^  and  Wolfe  and  Andersen^^^^  Luna  and  Klikoff  found 
that  the  threshold  conditions  fcr  breakup  were  determined  by  the  critical 
veber  and  Ohnesorge  numbers.  In  Section  3  equations  which  were  developed, 
“ither  analytically  or  experimentally,  to  relate  turbulent  jet  breakup 
under  various  flow  conditions  to  some  mean  droplet  diameter,  are  compared 
and  discussed.  Various  droplet  measurement  techniques  are  discussed  in 
Section  4.  A  qualitative  discussion  on  holography  is  presenleil  in  Sec¬ 
tion  5,  since  this  was  the  technique  chosen  to  measure  and  spatially 
locate  the  droplets  obtained  from  this  Investigation.  A  discussion  as  to 
how  droplet  data  is  characterized  by  v'arious  Investigators  is  presented 
in  Section  6, 

2.  Turbulent  Jet  breakup  and  Droplet  Formation 

a.  In  a  Supersonic  Cross  Stream i  Dowdy  and  Newton^^^^  Investigated 
liquid  and  gas  jet  injection  into  a  supersonic  stream.  Liquid  and  gaseous 
nitrogen  jets  were  injected  perpendicularly  into  raa  streams  whose 
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Mach  numbers  ranged  from  2,01  to  4,54,  A  large  number  of  tests  was  con¬ 
ducted  which  provided  information  about  the  effects  of  free  stream  Mach 
and  Reynolds  numbers,  injection  pressure  on  the  shock  structure  auid  the 
pressure  d'stribution  induced  on  the  plate  by  the  Injection  process. 

In  addition  to  pressure  distribution  data,  schlierens,  shadowgrajiis  and 

motion  pictures  were  taken  of  the  jet  interaction  i^ienomena, 
fl2) 

McRae'  '  conducted  an  experimental  investigation  to  sttriy  the 
breakup  characteristics  of  a  liquid  jet  injected  perpendicularly  into  a 
Mach  4  supersonic  gas  stream.  The  variables  of  interest  were  gas  stream 
total  pressure,  xnjection  velocity  and  flow  rate,  injector  internal  con¬ 
figuration,  injection  angle  and  Injectant  j^ysical  properties,  A  total 
of  269  tests  were  conducted  to  provide  data  to  characterize  jet  penetra¬ 
tion  and  spreading,  Shadowgraj^s  or  still  photos  were  presented  for 
each  test.  Penetration  and  spreading  plots  were  also  presented,  McRae 
found  that  the  jet -gas  stream  Interaction  phenomena  was  unsteady, 

(13) 

Harvey'  conducted  an  analytical  investigation  on  longitudi¬ 
nal  waves  on  a  liquid  jet  injected  at  right  angles  to  a  high  velocity 
gas  stream,  The  analysis  consisted  of  a  linearized  energy  balance  for 
surface  waves  moving  along  the  jet.  The  motivation  for  the  study  was  to 
gain  a  better  understanding  ci  the  jet  wave  behavior,  so  drop  size  dis¬ 
tribution  resulting  from  jet  breakup  could  be  predicted.  He  found  tHat 
long  waves  grow  most  rapidly  under  a  laminar  boundary  layer,  while  .rt 
waves  grow  most  rapidly  under  a  turbulent  boundary  layer.  He  derived  an 
expression  for  distance  to  jet  breakup* 
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where 


Q,  -6R  _  R  -  .5 

^  _  yG  -  .5 

He  compared  the  values  for  x  predicted  by  his  theory  with  measured  val¬ 
ues  obtained  from  McRae's  experimental  data  and  only  obtained  fair  cor¬ 
relation,  The  lack  of  p:ood  correlation  is  contributed  to  the  approxi¬ 
mations  of  linearization  and  deep  water  theory,  and  experimental  mea¬ 
surement  and  Interpretation  difficulties.  Graphs  showing  distance  to 
jet  breakup  for  different  injection  velocities  are  presented.  There 
are  irregularities  in  both  the  predicted  and  measured  values.  In  general, 
the  predicted  values  are  lower  than  the  measured  values.  The  trends  are 
similar,  Tliat  is,  as  injection  velocity  increases,  so  does  the  jet 
breakup  distance.  This  was  also  observed  in  the  present  investigation, 
Harvey  acknowledges  that  transverse  waves  around  the  jet  also  occur  and 
a  true  analysis  should  take  both  longitudini  ,  and  transverse  waves  into 
account,  A  more  recent  paper  by  Harvey'  '  concerns  itself  with  lateral 
capillary  waves  which  occur  when  a  liquid  jet  injected  perpendicularly 
into  a  supersonic  stream  is  aerodynamically  broken  up  by  the  gas  stream. 

It  is  an  analytical  investigation  auid  uses  an  approach  similar  to  that 
of  Nayer^^^^  ajid  Adslberg^^^\  The  analysis  is  conducted  in  the  stand¬ 
off  region  between  the  normal  shock  and  the  windward  sl'e  of  the  jet  and 
sonic  lines.  The  analysis  differs  from  those  of  Mayer  and  Adelberg,  who 
used  Jeffrey's  sheltering  theory.  The  basis  for  the  analysis  is  an 
equation  developed  by  Chang  and  Russell  for  subsonic  gas  flow.  Chang 
and  Russell  provided  a  formulation  for  Kelvin -Helmholtz  instability  that 
includes  the  effects  of  compressibility.  Harvey's  analysis  includes 
Kelvin-Helmholcz  and  Rayloigh-Taylor  instabilities,  both  of  which  he 
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claims  are  appropriate  on  the  windward  side  of  the  liquid  jet.  He 
develops  an  expression  for  the  size  distribution  of  drops  produced  over 
the  whole  windward  face  cf  the  jet.  Some  approximations  are  made  to 
facilitate  integra,tion  of  the  distribution  expression.  He  further  sim¬ 
plifies  by  considering  only  capillary  waves.  He  then  relates  the  number 
distribution  to  (tauter  mean  radius)  and  finally  arrives  c.t  the  ex- 
pression  *“  a,*We  ,  which  is  the  Weber  number  to  some  power.  He  com¬ 
pared  his  results  with  the  experimental  data  of  Bitron^^^\  Volynskiy^^^ 
(18) 

and  Gooderum'  '  and  found  his  theory  relates  best  with  Bitron  data. 

( 19) 

Sherman  and  Schetz'  Investigated  breakup  of  liquid  sheets  and 
jets  in  a  supersonic  gas  stream.  Review  of  this  pper  was  limited  to  the 
sections  concerning  the  jets.  Liquid  jets  were  studied  with  spark  shadow- 
graphs I  high  speed  movies  (7,000  frames/second)  and  ptiotomicrographs 
(0.4  microsecond  spark  source).  Pour  different  liquids  wore  ir.^ 'cted  in¬ 
to  a  Mach  2,1  gas  stream.  Their  high  speed  movies  show  that  jet  breakup 
is  characterized  by  gross  fracture  of  the  jet,  initiated  at  the  troughs 
of  waves  which  span  the  jet  circumference  and  move  axially  along  the  jot. 
Their  droplet  data  obtained  from  photomicrographs  is  not  considered  good 
data,  since  too  few  drops  were  measured.  Also,  droplet  size  could  be  in 
error  from  approximately  7  to  240  microns,  depending  on  the  droplet 
velocity  (injection  to  free  stream)  at  the  time  the  spark  was  flashed. 

They  conclude  that  mean  droplet  diameter  for  the  same  liquid  varies  in¬ 
versely  to  the  1,3  power  with  liquid  injection  velocity,  D  c<V 

j 

Only  2  of  3  water  injection  tests  substantiate  this  conclusion, 

Yates investigated  penetration  and  spreading  of  liquid  jets 
transversely  injected  into  supersonic  air  streams.  He  cites  works  of 
other  investigators  such  as  Catton^^^  ‘  et.  al.  ,  -'orde^^^^  et.  al.  and 
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Horn  and  Reichenlmch'  Since  jet  penetration  and  spreading  were  not 

areas  of  investigation  in  the  study  being  presented  here,  evaluation  of 

Yates’  work  will  not  be  made.  The  penetration  trajectories  for  the  pre- 

(21 ) 

sent  Investigation  were  calculated  by  the  method  developed  by  Catton'  \ 

Close  agreement  was  found  between  the  calculated  and  actual  trajectories, 

(24^  (2'j) 

Two  papers  by  Gooderum  and  Bushnell'^  ■'  '  were  reviewed.  The 
purpose  of  the  first  investigation  was  to  define  the  boundaries  of  aero¬ 
dynamic  breakup  of  a  liquid  jet.  They  found  there  is  good  cigreement  be¬ 
tween  theory  and  experiment  tor  liquid  jet  breakup  in  the  continuum  flow 
regime,  relative  to  critical  Weber  number {  that  is,  the  number  below 
which  no  further  breakup  will  occur. 

In  addition  to  reviewing  data  by  other  investigators  in  the  con¬ 
tinuum  regime,  they  conducted  "flight"  tests  in  the  slip  flow  regime 
(Knudsen  number  10  —  lO”'^),  Cool  water  (40-46°F)  was  injected  peirpen* 
dicularly  into  a  Mach  5.5  gas  stream.  Orifice  diameters  were  0,01,  0,02, 
0,04  and  0,08  inches.  Injection  temperature,  pressure  and  velocity  were 
essentially  constant  (approximately  43°F,  13  psla,  30fps).  Hence,  Weber 
number  varied  as  did  orifice  diameter,  and  was  found  to  be  3.9»  8,3, 

15.7  and  31.4  for  the  respective  orifices.  As  expected,  all  four  jets 
were  bent  or  de-^lected  downstream  and  the  breakup  process  was  found  to 
be  a  function  of  jet  diameter.  By  observing  photographs  of  the  jet,  the 
critical  diameter  was  seen  to  be  p.pproxlmately  0,02  inches,  and  the 
Wecrit^8,  Knudsen  numbers  for  the  tests  were  on  the  order  of  1,0, 

Although  their  data  is  insufficient  to  describe  with  certainty  the 
variation  of  critical  Weber  number  betweer.  continuum  arid  free  molecular 
flow,  there  appears  to  be  no  effect  of  Knudsen  no,  or  high  local  static 
temperature  (1620°R)  on  the  critical  Weber  number  for  primary  atomization 
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of  liquid  jets  iJijected  into  a  gaseous  crossflow. 

The  second  investigation  was  conducted  to  obtain  mean  drop  size  in 
a  low  gas  density  environment  (3.7^xl0"^-2.62xl0'’\b/ft^) , 

Ambient  water  was  Injected  perpendiculctrlj  into  the  air  stream 
from  a  circular  orifice  mounted  flush  in  a  fiat  plate.  Orifice  diameters 
were  0.020,  0,052  and  0.120  inches  with  length/diameter  ratios  of  12, 5» 

5  and  2.45  respectively.  Measurements  were  taken  at  4,25  inches  down¬ 
stream  from  the  point  of  injection  and  at  various  heights  within  the 
spray.  Injection  velocities  ranged  from  82  to  200  feet/second  into  a 
3i970  feot/second  air  stream.  The  Dobbins^^^^  light  scattering  technique 
was  used  to  determine  the  mean  drop  size,  (wean  diameters  are  de¬ 
fined  by  equation  28  on  page  i22)  in  the  spray, 

was  found  to  be  Independent  of  liquid  Injection  velocity. 

They  observed  that  for  the  smaller  orifice  diameter,  the  liquid  remained 
a  coherent  jet  for  a  dlstamce  before  being  atwuized,  whereas  atomization 
occurred  at  the  nozzle  exit  for  the  larger  diameter.  This  is  probably 
due  to  the  difference  in  L/D^  among  the  nozzles. 

There  was  too  much  scatter  in  the  data  to  determine  a  definite 
relationship  between  orifice  diameter  and  gas  density.  However, 

the  trends  appear  to  be  in  the  proper  direction.  That  is,  varies 

directly  with  orifice  diameter  and  Inversely  with  gas  density, 

(26) 

Williams^  '  reviewed  papers  pertinent  to  supersonic  combustion. 

The  papers  concerning  atomization  and  disintegration  of  liquid  jets  have 
all  been  reviewed  in  the  course  of  this  present  Investigation,  He  con¬ 
cludes,  as  did  the  author  of  this  investigation,  that  a  good  amount  of 
data  on  jet  breakup  mechanisms  and  resulting  drop  size  distributions  have 
been  accumulated  for  liquid  jets  in  subsonic  gas  streams,  but  very  limited 
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o* Infill woljta I  rotfutta  are  avutidble  foe  a«?an  drop  also  iind  dro*)!**!  <^10- 
trlbutloua  1«  suiM<jaoiiic  alrtaajsa,  Thoorlao  presented  by  various  Invea- 
t  tgatura  for  llijuM  Jet  breakup  In  eltlier  aubsonlc  or  aupertSoblo 
otreoKa  differ  greatly  In  thotr  i^yslc&l  assumptions.  Sine©  thoorlos 
differ  widely  aiul  ex {wrlaonta I  data  la  scaruo^  estlis&toa  of  dlslnto- 
gftttUm  oharaoterlat  loa  of  liquid  jots  tn  suporaonic  gas  atroams  sr© 
tilghly  uncertain.  Hllllaaa  cited  throe  dlolategratlon  eechanlsssi  (l) 
eteady-flhear,  (2)  r.aplllary-uave.  and  (j)  accoJoratlon-wnvo  breakup  Ho 
reatrlcta  hla  uttontlon  to  the  accolerat Ion-wave  breainip  aechanlBn, 
olnce  dtomlaatloM  of  a  liquid  jot  In  d  suporeontc  ranjet  conbustor 
oeens  to  bo  explained  l>est  by  this  thaory,  although  he  acknowledges  it 
la  Inproclao,  Ho  recoiawonda  laprovlng  the  acceleration  wave  theory  by 
accounting  for  jot  deformation  and  by  oaloulatlng  droplet  else  dletrlbu- 
tlona.  Oatt.m  and  Harvey'*'''  conducted  an  analyolo  on  deformation  of  a 
Ibpild  jot  Injected  across  a  high  voloolty  gae  etroaia.  A  recent  pri¬ 
vate  coiaounlcatlon  with  Uiose  gentlemen  revealed  they  have  conducted  a 

Boro  a<’.ourato  analyolo  olnco  their  report  wae  pul)lleb*?d, 

(d)  (2H)  (2d) 

Morrell  Invootlgatod  liquid  jet  breakup  and  the  cri¬ 

tical  condltlona  for  drop  aiKl  Jot  shattering.  Hroakiip  of  a  single 
water  Jot  by  a  tranaverse  shock  wave  wae  studied.  He  found  that  break¬ 
up  time  decivisaod  with  Increase  In  gas  velocity  ami  Increased  with  jot 
radlua.  The  extent  of  defonnation  wae  a  linear  function  of  the  ratio  of 
Haber  number  to  the  equare  root  of  Reynolde  number  based  on  Initial  jet 
ladlua.  Ho  postulates  two  theoretical  aodelsi  (l)  atomisation  by 
otrlpplng  lUf  a  liquid  l>ouiklary  layer,  and  (2)  deformation  of  cho  liquid 

isaes,  and  dlacuotjoa  ttiom.  He  found  that  for  conotajit  gas  velocity  the 
critical  oofhlltlon  for  itquld  hreakup  Is  j.' I  vc-n  hy 
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-0.2 


(2) 


The  study  "Measurement  of  Droplet  Sizes  in  Liquid  Jets  Atomized 
in  Low-Density  Supersonic  Streajns"  by  Kurzious  and  Raab^  provided  the 
first  experimental  data  on  droplet  sizes  and  size  distributions  from  the 
disintegration  of  liquid  jets  in  low-density  (free  molecular  regime) 
supersonic  gas  streams.  Stop-motion  pliotograi^is  were  taken  of  water  and 
ethanol  jets  atomized  by  perpendicular  injection  into  Mach  3  argon  and 
helium  streams.  Gas  stream  static  pressures  and  stsignation  temperatures 
were,  respectively,  from  approximately  .015  to  .155  psia  and  from  530  to 
1680°R,  Weber  numbers,  based  on  orifice  diameter  and  free  stream  flow 
properties,  varied  from  8,4  to  130,  They  attempted  to  extrapolate,  or 
determine  the  applicability  of,  continuum  regime  atomization  correlations 
into  the  free  molecular  regime.  The  observed  mean  droplet  sizes  were 
all  larger  than  those  predicted  by  the  continuum  regime  correlation,  and 
large  metastable  droplets  persisted  for  unexpectedly  long  intervals. 

Hence,  they  concluded  that  a  fundamental  difference  exists  between  atomi¬ 
zation  meclianisms  and  time  scales  in  the  low  and  high  density  gas  environ¬ 
ments.  Also,  aerodynamic  breakup  of  cross  injected  liquid  jets  is  not 
expected  to  occur  at  low  gas  stream  dynamic  pressure. 

The  relevancy  of  Kurzious  and  Haab’s  work  to  this  effort  is  the 
correlation  of  Ingebo^  ^  \  Bltron^^^^  and  Volynskiy' s^^^  data,  which  spans 
the  subsonic  and  supersonic  regimes,  by  one  equation! 

V  "48 

D,  (7e7p^^|Re/M|-’^ 
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where  We,  «  O  y  rq  „  Q  V  D 

1  U  g  -0  \g  £  .0,. 

O-  11^ 

The  equation  is  a  modification  of  Volynskiy’s  expression.  Also,  the  form 
of  the  equation  is  similar  to  that  of  Ingebo  and  Foster’s,  but  contains 
a  Kach  number  term,  and  the  definitions  of  the  Weber  and  Reynolds  numbeirs 
are  different.  Figure  1  shows  that  Ingebo’ s  subsonic  equation  over¬ 
predicts  drop  size  when  used  in  the  supersonic  region  where  Bitron  and 
Volynskiy  obtained  their  data.  Figure  2  shows  how  equation  (  3 )  cor¬ 
relates  the  data,  Kurzious  and  Raab  discuss  subjectively  that  the  data 
would  lie  closer  to  the  correlation  line  if  proper  corrections  are  made 

to  the  data  to  account  for  data  acquisition  errors, 

(I?) 

Bitron'  ’  conducted  a  number  of  liquid  jet  atomization  tests  by 
transverse  injection  into  a  supersonic  air  stream,  Mach  numbers  ranged 
from  1,37  to  2,  The  purpose  of  his  work  was  to  determine  the  applicabi¬ 
lity  of  the  classic  Nukiyama-Tanasawa  equation, 

loV,  -  5.85  isL  I  (4) 

'rel  iW  [-vSf  [  5^1 

which  was  developed  for  subsonic  gas  velocities  and  parallel  liquid-gas 

flovr,  L:  supersonic  gas  streams.  He  injected  dlbutyl  phthalate  at  room 

tempors-ture  in  all  tests  and  keit  the  volume  flow  rate  constant  at 

Q,/Q  ■  1.2xl0~^.  Hence,  the  variation  of  D  ?  uation  (4  )  then  be- 
X  S 

comes  a  function  of  the  relative  velocity,  only. 

The  air  streams  were  accelerated  through  venruri  'iubes.  Throat 
diameters  did  not  exceed  3iaro{  the  liquid  jet  tube  was  ,32raa'.. 

Droplet  data  was  collected  by  impaction  on  silicon-coated  glass 
slides.  Corrections  were  made  for  the  contact  angle  between  the  dibutyl 
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FIG.  2  VOGYN’SKY  CORRELATION  OF  NLS.AX  DROPLET  SIZES  IN  HIGH-VELOCITY 

SUBSONIC  AND  SUPERSO.NIC  .AIR  STREAMS  (Ref.  30) 


'’br 


•e\'i 


phthalate  and  the  coated  glass.  The  glass  plate  was  placed  at  a  point  In 
the  air  stream  where  the  Hach  number  of  the  spray  jet,  as  determined  by 
a  Pitot  tube,  was  0.35  (corresponding  to  a  velocity  of  about  120  meters/ 
second).  Sampling  time  for  each  test  was  0.01  seconds  controlled  by  a 
shutter  placed  between  the  air  stream  and  glass  plate.  The  Hach  number 
choice  was  a  compromise  between  high  impaction  efficiency  of  the  small 
drops,  which  requires  a  high  velocity  at  the  glass  plate,  and  avoidance 
of  large  droplet  breakup  upon  impact,  which  requires  a  low  velocity  at 
the  plate.  Samples  were  collected  from  within  a  1mm  diameter  circle  on 
the  plate  whose  center  was  on  the  axis  of  the  air  stream, 

Bitron  conducted  10  tests  at  each  of  5  gas  velocities  and  col¬ 
lected  droplet  data  for  each  run.  The  collective  drop  size  distribu¬ 
tions  for  the  different  gas  velocities  are  presented  in  Table  III  of  his 
paper.  Bitron  claims  that  the  Nukiyama-Tanasawa  equation  can  be  exten¬ 
ded  into  the  supersonic  region.  This  conclusion  is  not  warranted  by  his 
data,  and  figure  3  shows  why.  Variation  of  ))^2  inversely  propor¬ 
tional  to  gas  velocity  according  to  the  Nukiyama-Tanasawa  equation.  How¬ 
ever,  D^2  calculated  from  Bitron 's  raw  data  shows  that  the  Sauter  mean 

-  39 

diameter  varies  as  V  *  * 

g 


The  flow  conditions  and  fluid  properties  for  Bitron 's  tests  were 
inserted  Into  Ingebo  and  Foster’s'  equation 


where  We 


o 


cr 


and  Re  »  V  D 
_£_2 


(5) 


Ingebo’ s  equation  is  an  empirical  relation  obtained  by  injecting  various 
liquids  perpendicularly  into  a  subsonic  gas  stream.  This  equation,  if  it 
could  be  extended  into  the  supersonic  rorion,  would  be  more  apropos  than 


the  Nukiyama-Tanasawa  equation,  which  emerged  from  data  obtained  from  a 
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Figure  3.  BITRON  DATA,D32 
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parallel  liquid  jet-f^as  stream  arrangement,  igure  4  shows  how  the 
volume  mean  diameter,  varies  with  gas  velocity  according  to  Ingebo's 

equation.  The  calculated  from  2itron'c  data  by  the  definition 


shows  tliat  the  trend  of  with  change  in  gas  velocity  is  substantially 
different  from  that  indicated  by  Ingebo's  equation,  and  that  the  actual 
data  is  approximately  5  times  smaller  than  thii  given  by  Ingebo's 
equation,  Also  shovm  in  figure  4  is  the  varication  of  with  gas 
velocity  according  to  a  correlation  equation  by  Kursious  and  flaab^ 
which  accounts  for  cSiange  in  Mach  number. 


D 

0 


48 


We, 


.3?5 


Re/H 
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(3) 


This  equation  spenc  +!v  '■■ubscnic  and  supersonic  regions.  It  has  a  form 
similar  to  the  ''quation  but  the  Weber  and  teynolds  numbers  are 

defined  differently.  The  variation  of  will,  gas  velocity  is  the  same 
in  both  equations  (3  )  and  (5  ).  That  is,  /  rhe  pre¬ 

dicted  with  the  Kursious  and  Raab  equation  is  closer  to  that  calculated 
from  the  data  tlxan  the  predicted  with  the  Ingebo  and  Tester  equation. 

Rltron  made  tilstograms  of  relative  drop  volume  as  a  function  of 
nominal  drop  diameter.  On  these  he  superimposed  the  distribution  function 
of  the  upper  limit  rquatlo-i  developed  by  Kugele  anl  Rvans^^^  \  Compari¬ 
son  of  the  curves  with  the  histograms  showed  that  the  upper  limit  equa¬ 
tion  rave  tho  nropor  trend  In  all  cases,  however,  a  Chi-square  goodness 
of  fit  toot  applied  to  the  data  and  upwr  limit  d iotribution  curves  -ave 
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Figure  4.  BITKON  DATA 


poor  results, 

3itron  also  shovied  that  droplet  evaporation  during  injeo^iori 
could  be  neglected  even  for  the  highest  stagnation  temperature  (473°F) 
in  his  experiments. 

(e:) 

The  work  conducted  by  Volynskiy' is  similar,  in  many  respects, 
to  that  conducted  in  the  present  investigation.  The  main  differences 
are  in  the  geometric  configurations,  stream  conditions  and  liquid  injec¬ 
tion  pressure.  Based  on  his  experiments,  Volynskiy  correlated  flow  con¬ 
ditions  and  fluid  jiiysical  properties  to  obtain  expressions  for  the  maxi¬ 
mum  and  median  droplet  diameters. 
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As  can  be  seen  in  the  equations,  the  gas  stream  velocity  and  orifice 
diameter  exert  the  greatest  influence  on  the  size  of  the  drops  and  the 
effect  of  Hach  number  is  weak,  Volynskiy  did  not  attempt  to  derive  a 
drop  size  distribution  expression  or  determine  cliaracteristlc  diameters, 
such  as  and  His  data  is  presented  in  Table  T.  The  various 

geometric  arrangements  referred  to  in  the  table  are  shown  in  Figure  5 . 

In  all  cases.  Injection  of  the  liquid  was  from  a  cylindrical  aperture  at 
an  angle  of  90^^  to  the  hs  stream.  By  closely  scrutinizing  the  data  in 
Table  I,  one  can  make  the  followin.g  observations  and  conclusirns « 
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'Ircup  I  (Alcohol) 

For  a  given  liquid  injection  velocity  ( pretssure  drop)  t  droplet 
Mejdian  and  maximum  diameters  vary  directly  with  orifice  diameter  with  one 
exception, 

''Iroup  I]  (Alcohol) 

For  constant  orifice  disuneter,  droplet  diameter  increases  with 
Increase  in  injection  pressure  drop.  This  is  also  observed  in  Group  I. 

Group  ITT  (Water) 

For  constant  orifice  diameter,  droplet  median  diameter  remained 
constant  with  Increase  in  injection  pressure  drop.  This  was  not  the  case 
in  Groups  I  and  II, 

^Iroup  ]V  (Alcohol) 

No  conclusion  about  droplet  diameter  variation  with  orifice 
d  •not'-’-  and  orr'ssore  drop  could  be  drawn  with  any  derproe  of  certainty. 
There  appears  to  be  a  trend  hut  scatter  in  the  data  negates  it. 

Group  V  (Alcohol) 

a)  'lame  conclusion  as  in  Group  II 

b)  Gompirln"  the  results  with  those  of  Group  IV  for  the  same 
orifice  diameter,  droplet  diameters  decreased  with  decrease  in  Idach  num¬ 
ber  and  gas  stream  *otnl  xn'essure,  which  Is  contrary  to  what  one  might 
expect. 

Group  /[  (Water) 

Game  observations  as  those  for  Groups  I  and  II. 


^7 


Group  VII  (Water) 

Results  contradict  observations  for  Groups  II  eind  VI. 

Group  nil  (Alcohol) 

Results  substantiate  conclusion  for  Group  II, 

Group  IX  (Alcohol) 

Results  substantiate  conclusion  for  Group  II, 

Comparing  Groups  II  and  VIII ,  no  conclusion  can  be  made  with  con¬ 
fidence  about  the  vsuriation  in  droplet  dlametor  with  flow  condition 
changes,  although  there  appears  to  bo  a  slight  increase  in  droplet  dia¬ 
meter  at  the  lower  Mach  number  and  total  pressure. 

Comparing  Groups  II  and  IV,  droplet  diameter  increases  with  in¬ 
crease  in  orifice  diameter,  all  other  conditions  the  same. 

Comparing  Groups  I ,  V  and  IX  at  the  same  orifice  diameter  emd 
injection  pressure,  the  droplet  diameter  decreases  with  increase  in  Mach 
number  and  total  pressure. 

Comparing  Groups  II  and  III,  the  HgO  droplets  are  larger  than 
those  of  alcohol  at  the  same  conditions,  A  similar  conclusion  cam  be 
made  for  Groups  VII  and  VIII. 

It  appears  that  the  method  of  Injecting  the  liquid  into  the  gas 
stream  has  no  effect  on  droplet  diameter,  at  least  among  the  seven 
schemes  used  by  Volynskiy.  This  may  not  necessarily  be  true,  Volynskiy 
collected  his  droplet  data  at  some  distance  downstream  of  the  injection 
point,  where  the  gas  velocity  was  200  to  260fp8,  By  the  time  the  drop¬ 
lets  reached  that  location,  it  is  quite  possible  that  the  method  of 
injection  could  not  bo  discerned  from  the  droplet  data. 
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The  droplets  were  collected  on  a  layer  of  carbon  covered  by  the 
vapors  of  burnt  magnesium  (MgO),  at  a  distemce  from  the  point  of  injec¬ 
tion  where  the  speed  of  the  gas  flow  was  60  to  80  m/sec.  The  layer  was 
applied  to  the  flat  of  a  special  rod  (closed  cylindrical  csiae  with  a 
slot)  placed  along  the  cross-sectional  diameter  of  the  gas  flow,  Volynskiy 
claims  that  since  the  carbon  layer  thickness  was  0,5  to  0,6mm»  the  dif¬ 
ference  between  imprints  of  che  drops  eind  their  actual  size  could  be 
Ignored,  That  is,  he  did  not  apply  a  correction  factor  (impression 
coefficient  «  imprint  diameter/droplet  diameter)  to  his  measurements. 

The  imprint  diametors  were  measured  with  a  microscope.  The  average  error 
of  measurements  was  +  2  to  +  4  microns, 

Volynskiy  criticizes  Bitron  for  attempting  to  use  the  Nukiyama- 
Tanasawa  equation  to  describe  drop  size  in  the  supersonic  regime. 

Also  in  his  paper,  Volynskiy  investigates  jet  penetration  ana¬ 
lytically  and  experimentally  using  the  photographic  spark  method  to  make 
his  observations, 

(  32) 

b.  Liquid  Jet  in  Subsonic  Gas  Stream;  Hrubecky'  '  conducted  ex¬ 
periments  In  liquid  atomization  by  air  streams.  Mater  was  Injected  both 
•parallel  and  normal  to  subsonic  air  streams,  although  4  tests  were  con¬ 
ducted  at  Mach  1,  He  found  that  the  Sauter  mean  diameter,  decreased 
with  increase  in  air  velocity,  and  that  parallel  liquid  Injection  gave  a 
better  degree  of  atomization  than  did  perpendicular  injection.  Good 
agreement  tos  found  for  between  his  experiments  and  the  Nuklyama- 
Tanaaawa  correlation  for  V^>107  meters/second  and  1 ,000 <Qg/Qj^<  5,000, 

For  V^>140  metei^/second  and  Qg/Qj^>10,000  his  experimento  produced  con¬ 
sistently  lower  values  of  than  those  predicted  by  Nukiyama-Tanasawa, 
(33^ 

Clark'  '  studied  the  breakup  of  a  water  jet  injected  at  right 
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angles  to  a  subsonic  gas  stream.  He  produced  an  expression  for  relative 
cross-sectional  area  remaining  at  any  point  in  the  jett 
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He  found  liquid  jet  breakup  to  increase  with  (i)  increase  in  gsis  velocity, 
gas  density  and  action  distance  and  with  (2)  decrease  in  liquid  jot  dla- 
mote’”  and  velocity.  Also,  he  found  that  liquid  jet  spreading  takes  place 
transversely  to  the  gas  flow.  A  look  at  the  spreading  parameter,  £  , 
reveals  that  spreading  of  the  jet  is  an  inertial  effect, 

Limper^  injected  two  different  liquids ,  water  and  oil ,  para¬ 
llel  in  a  gas  straim  (235  to  900fps),  A  tubs  through  which  the  liquid 
was  injected  was  placed  in  the  throat  of  a  venturi  tube.  He  compared 
the  observed  with  those  predicted  by  the  Nukiyama-T6uiasawa  equation. 

In  all  cases  the  observed  substantially  larger  than  predicted, 

even  though  the  Nukiyaraa-Tamasawa  equation  was  developed  from  a  parallel, 
subsonic  gas  flow  arrangement. 

Weiss  and  Worsham^ conducted  an  experimental  study  to  determine 
the  drop  sizes  obtained  when  a  liquid  (molten  synthotlc  wacc)  was  injected 
contra  or  costream  to  high  velocity  airstreams.  They  developed  the  cor¬ 
relation  equation 
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where  X  -  and  V  - 

One  can  see  that  the  terms  on  the  left  side  of  the  equation  form  a  Weber 
number.  They  found  that  (1)  relative  velocity  between  the  liquid  and  air- 
streams  is  of  primary  importance »  (2)  physical  properties  of  the  fluids 
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affect  spccay  fineness  but  their  fiifluence  Is  not  dominating  j  and  (3)  the 
Hay  In  which  the  liquid  is  introduced  is  least  Important,  The  drop  dia¬ 
meters  observed  in  tholr  study  were  35  to  10C?S  1,-rger  than  those  pre¬ 
dicted  by  the  Nukiyama-Tanasawa  equation, 

Mayer^^^^  conducted  a  theoretical  analysis  to  determine 

drop  size  distribution  obtained  by  atomization  of  a  liquid  jet  in  a 
high-velocity  gas  stream.  The  analysis  was  based  on  the  sheltering 
theory  of  Jeffreys,  He  postulates  that  drop  size  distribution  is  a 
function  of  wavelength.  Ultimately,  he  derives  an  expression  for  mean 
droplet  diameter 
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He  claims  the  theoretical  result  for  D  is  in  satisfactory  agreement  with 

the  data  of  Weiss  auid  Worshaa^^\ 

Adelberg^^^^  ^  conducted  an  analytical  study  to  determine 

drop  size  resulting  from  liquid  jet  breakup  in  a  high  velocity  gas  stream, 

fl 

His  approach  was  similar  to  that  of  Mayer'  '  but  oriented  for  a  liquid 
jet  rather  than  an  infinite  liquid  surface.  He  divides  the  flow  field 
into  two  regimes  according  to  ielative  dynamic  pressuret  (i)  capillary 
wave  and  (2)  acceleration  wave  regimes,  Adelberg’s  analysis  in  the  ac¬ 
celeration  regime  has  been  shown  by  Harvey^^^^  to  be  incorrect.  An 
equation  for  mean  drop  size  Is  derived  for  each  regime t 
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He  suggests  It  0  ”  .06,  •»  1 


j  «  sheltering  parameter  for  capillary  regime 
CT 

Critical  Wavelength 

r  o  5,  _ p-]  1/2 

^=r  "  I'r  Vn/Co  (8ln^^)l/2 
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If  1  <  1  ,  capillary  waves  dominate 

cr 

If  1  >1  ,  accGleration  waves  dominate 

cr* 
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Tho  report  by  Ingebo  and  Foster'  '  Is  one  of  the  most  referenced 
works  relative  to  drop-sise  distribution  resulting  from  trunsverse  In¬ 
fection  01  a  liquid  Jet  Into  a  high  velocity  gas  stream.  Various  liquids 
(iso-octana,  JP-5  fuel,  water,  benzene,  carbon  tetrachloride)  were  In¬ 
jected  through  simple  orl-fices  (.010,  .020,  .030  and  ,0^0  Inches  in  dia¬ 
meter)  at  right  angles  to  a  subsonic  gas  stream.  Air  velocities  ranged 
from  100  to  700  feet/second  while  the  air  temperature  range  was  from  80 


to  900  F,  Maximum  Mach  number  was  less  than  0,4,  Liquid  Injection 


velocities  were  varied  from  75,5  to  204  feet/second.  The  length-to-dla- 
meter  ratios  for  the  crlflc'^j  were  short,  being  1.00  and  4,65.  Ingebo 


and  Foster  concluded  that  liquid  jot  velocity  and  length-diameter  ratio 
had  little  efi'ect  on  mean  droplet  diameter,  Thirt.een  of  ^3  tests  were 
conducted  at  elevated  temperatures  (temperatures  above  90°r),  No  consi¬ 
deration  was  given  to  droplet  evaporation  at  the  elevated  temperatures. 
By  means  of  dimensional  analysis,  the  investigators  were  able  to 
correlate  the  volume  mean  diameter,  emd  orifice  diameter,  Do,  with 
the  Weber  and  Reynolds  numbers  in  the  following  mcinnert 

^0/  “  3.9/(WeRe)°-^5 

where  We  =■  ^Vg^o/cT  a^nd  Re  «  DoVg/ 

A  similar  expression  was  obtained  for  the  maximum  drop  diameter,  Daax: 


DraaxAlo  “  22.3/(WeRe)®'^^ 


(15) 


'I'he  ranges  for  Dmax,  We  and  Re  were  respectively  6o  to  375  microns, 
14  to  103  microns,  ?xlO~^— 13  and  11,100  to  366,000. 

Throe  dlslr'butlon  functions j  log-probablllty,  Rosin-Raramler  and 
Nukiyama-Titnasawa ,  were  used  to  determine  the  volume  mean  diameter, 
for  the  experimental  lata.  These  expressions  are  respectively* 
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where  R  -  volume  fraction  of  drops  having  diameters  greater  than  D 
and  y  =  ln(D/j^) 
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Pest  results  were  obtained  with  exnn'ssion  (  18). 
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relations  (5  )  and  (15)  and  »  3.9i5/l'»  equation  (I8)  becomes 

.  loV  (W) 

dD  Dnax 

This  is  the  drop  size  distribution  expression  which  best  fits  the  data. 

Droplet  data  was  obtained  by  using  a  high  speed  camera,  capable 
of  taking  i^iot'imicrographa ,  in  conjunction  with  a  sampling  prooo  from 
which  liquid  concentration  data  was  obtained,  Photograi^is  and  sampling 
data  were  obtained  by  making  vertical  transverses  along  the  spray  centei- 
line  normal  to  the  airstream  and  at  a  distance  of  1  inch  downstream  from 
the  injector.  They  discovered  that  vertical  tramsverses  made  at  dis- 
toLnoes  of  1  inch  on  either  aide  of  the  spray  centerline  showed  nc  mea¬ 
surable  effect  of  horizontal  displacement  on  drop  size  distribution, 

'^hey  also  noted  that  the  larger  drops  tended  to  move  farther  out  into  the 
alrstroam  than  did  the  smaller  drops  '  sc  se  of  the  greater  momentum  of 
the  larger  drops.  Further,  they  obsei .  that  decreased  as  airstream 
velocity  increased.  is  affected  very  little  when  both  liquid  and  air 

temperature  axe  increased.  The  effect  of  air  viscosity  was  found  to  be 
negligible,  hence  liquid-film  resistance,  surface  tension,  appeeired  to 
contro''  the  breakup  process, 

c.  Liquid  Jet  in  Still  Airt  The  purpose  of  Popov*s  paper' was 
to  determine  the  similarity  laws  for  the  atomization  of  liquids  with  con¬ 
stant  properties  and  verify  them  by  comparison  with  model  experiments. 

He  wrote  the  mass  and  momentum  conservation  equations  for  the  liquid 
stream  and  gas  into  which  the  liquid  was  injected.  He  also  tnrote  the 
Ijaplace  equation  for  the  pressure  difference  betweei.  the  liquid  and  gas 
due  to  surface  tension.  These  five  equations  were  then  nondlmenslonali- 
zed  and  various  dimensionless  parameters  were  identified.  Those  which 
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were  significant  for  a  liquid  jet  injected  into  still  air  were  Reynolds 
number,  Ohnesorge  number,  density  and  viscosity  ratios.  He 

found  that  gas  viscosliy  effect  on  atomizati'-n  was  negligible.  Hence,  the 
gas“liquld  viscosity  ratio  need  not  be  considered  in  the  modeling  experi~ 
ments.  The  liquids  he  modeled,  and  to  which  he  applied  che  scaling  laws, 
were  water  and  carbon  tetrachloride.  He  obtained  very  close  results  be¬ 
tween  the  "full  scale"  aind  model  liquid  data.  Correlation  was  exce3.1ant. 
Drop  size  distribution  and  Veiriatlon  of  mean  diameter  as  a  function  of  the 
dimensionless  parameters  are  presented, 

Elsenklam  and  Hooper' ^  '  studied  the  flow  cliaracteristtcs  of 
laminar  and  turbulent  liquid  jets  Injected  into  still  air,  but  no  drop 
size  measurements  were  taken, 

Harmon'  '  presents  a  review  cf  many  of  the  early  works  on  the 
breakup  mechanism,  disintegration  and  atomization  of  liquid  jet.s  in  hi'=? 
dissertation.  The  works  of  Schweitzer,  Haenleln,  Kerr'ngton  and 
Richardson,  Baron,  Balje  and  Larson,  Castleman  and  Lee  and  Spencer  are 
discussed,  The  regimes  in  which  these  investigations  were  conducted  are 
outside  that  of  interest  in  this  investigation,  A  compiehcnslve  review 
of  the  early  (up  to  195^)  theories  and  investigations  on  liquid  jets  is 
also  presented  by  Pilcher  and  Miesse  in  the  first  oliapter  of  the  repert 

( 19) 

by  Putnam'  et.  ail.  It  would  be  superfluous  to  reiterate  a  discussion 
on  these  works  here,  since  they  are  to  adequately  discussed  by  Harmon  amd 
Pilcher,  Harmon  developed  am  equation  for  the  predict'<on  of  lie  Seuter 
mean  (volume  to  surface)  drop  diameter  resulting  from  injecting  a  liquid 
jet  into  still  air.  The  derivation  of  the  ♦iouation  was  initiated  by  an 
energy  balance  on  the  jet -spray  system.  The  equation  was  nondimensionall- 
zed  and  correlated  with  avaliahle  data  to  obtain 
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The  term  in  the  numerator  can  be  identilied  as  a  mixed  Ohnesorge  number 
while  those  in  the  denominator  axe  mixed  Reynolds  numbers,  Harmon  con¬ 
cludes  that  drag  on  the  jet  is  the  most  important  drop  forming  mechanism 

in  a  high  speed  spray  issuing  from  a  short  nozzle, 

(4l  ) 

Chen  and  Davis'  '  studied  the  disintegration  of  a  turbulent  water 

jet  injected  into  still  air.  They  Investigated  the  characteristics  of 

the  jet  surface  disturbance,  length  01  the  continuous  jet  and  the  initial 

drop  size,  These  were  formulated  by  dimensional  analysis  and  expressed 

in  terms  of  the  Weber  and  Reynolds  numbers.  Pipe  diameters  were  l/4, 

3/8,  1/2  and  3A  inches.  Length/d iamoter  ratio  was  100.  The  ranges  for 

Injection  velocity,  We  and  Re  were  respectively  I6  to  oOfps,  50  tc  250, 

3  3 

20x10  -500x10  ,  They  found  that  turbulence  and  surface  tension  forces 
were  the  predominant  factors  affecting  disintegration.  Amplitude  and 
wavelength  increased  along  the  axis  of  the  jet.  Breakup  distance  and 
Initial  drop  size  increased  with  We,  Unfortunately,  no  mean  drop  size 
data  or  drop  size  distribution  Inforrailon  was  presented. 
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Tho  Russian  reports  which  investigate  the  atomization  of  liquids 

( 42)  ( 43) 

and  jets  are  those  by  Borodin^  '  et,  al,  and  Sitkei'  ,  The  report 
(book)  by  Borodin  mainly  discusses  atomizers,  while  Sitkei  is  interested 
in  fuel  atomization  for  diesel  engines. 

d.  Closure >  The  papers  discussed  above  comprise  virtually  all  the 
pertinent  investigations  which  attempted  to  correlate  mean  droplet  dia¬ 
meter  resulting  from  a  turbulent  liquid  jet  with  flow  conditions  and 

fluid  properties.  Only  one  paper  was  found  that  attempted  to  correlate 

(Z) 

droplet  data  for  a  jet  injected  into  still  air,  that  of  Harmon'  ' , 

Much  of  the  early  work  on  liquid  jets  dealt  with  laminar  flow  because 
it  was  more  amenable  to  analysis.  Practically  all  papers  in  recent 
years  were  motivated  more  by  application  than  by  primary  interest  in 
liquid  jet  breakup.  Many  reports  were  found  regarding  atomization  de¬ 
vices?  however,  since  the  spray  resulting  from  these  devices  ic  not  tiiat 
of  a  true  liquid  jot,  discussion  of  these  reports  was  not  Included. 

3,  Comparison  of  Droplet  Equations 

Table  II  presents  the  exponent  values  for  the  variables  which  appear 
in  the  various  droplet  correlation  equations.  The  slash  mark  shown  for 
some  variables  indicates  that  two  values  for  those  variables  resulted 
from  the  particular  equations,  Tho  correlation  equations  span  the 
supersonic,  subsonic  and  quiescent  gas  environments.  The  manner  in 
which  the  liqu'd  was  injected  was  either  transverse  or  parallel  to  the 
gas  streams.  Although  the  method  of  injection  and  the  range  of  gas 
conditions  were  quite  different,  some  similarities  exist  among  the  equa¬ 
tions,  By  scrutinizing  Table  II  one  can  make  tho  following  observa¬ 


tions  j 


1)  The  most  prevalent  variables,  regardless  of  gas  environ¬ 
ment,  are  jet  orifice  diameter,  gas  and  liquid  densities,  gas  velocity 
and  surface  tension j 

2)  The  effect  different  variables  have  on  droplet  diameter 
(directly  or  inversely  proportional)  is  consistent,  regardless  of  gas 
environment.  Two  exceptions  to  this  are  liquid  velocity  and  surface 
tension  in  the  Harmcn  equation,  which  was  the  only  correlation  equation 
found  for  a  jet  injecting  into  still  air)  and 

3)  The  significance  of  a  given  variable,  i.e,,  strong  or  weaJc 
influence  on  droplet  diameter,  varies  within  and  among  the  flow  regimes. 
Bitron  attempted  to  extend  the  Nukiyama-Tanasawa  equation,  which  was  de¬ 
veloped  for  subsonic  parallel  flow,  to  supersonic  transverse  flow. 

Although  he  concluded  this  could  be  done,  his  data  does  not  substantiate 
his  conclusion.  This  was  discussed  in  Section  2,  The  Kurzious  emd  Raab 
equation  resulted  from  the  correlation  of  Bitron,  Ingebo  and  Foster  and 
Volynskiy  data.  There  is  an  incongruity  in  the  Kurzious  and  Raab  cor¬ 
relation  in  that  Bitron,  Ingebo  and  Foster  and  Volynskiy  each  correlated 
to  a  different  mean  droplet  diameter,  these  being  '^median* 

respectively.  It  would  be  extremely  fortuitous  if  all  these  coincided. 

A  look  at  the  Mayer  and  Adelberg  acceleration  wave  equations  will  reveal 
that  these  have  the  same  form  and  the  same  exponent  value  for  each  vari¬ 
able,  However,  Mayer's  equation  was  developed  for  the  capillary  wave 
regime,  A  review  of  all  the  equations  in  Section  2  will  also  reveal  that 
Reynolds  and  Weber  numbers  are  prevalent,  but  mixed  in  that  the  variables 
in  some  of  the  dimensionless  groups  belong  in  part  to  the  liquid  and  in 
part  to  the  gasj  that  is,  the  dimensionless  groups  are  no>.  defined  in  their 
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conventional  manner. 


4.  Drrt)let  Measurement  Techniques 

The  analysis  of  a  spray  in  terms  of  drop  si^e  distribution  is  pro¬ 
bably  the  most  imxtortaint  single  problem  in  the  study  of  atomization  of 
liquids.  Research  on  the  mechanism  of  atomization  would  be  greatly  en¬ 
hanced  by  a  simile,  accuratf  and  rapid  method  for  determining  the  drop 

size  distribution  of  the  spray.  The  fact  that  such  a  method  is  lacking 

(44) 

i''  the  main  obstacle  in  atomization  studies.  Lewis'  '  established  a 
list  of  criteria  for  the  ideal  droplet  measurement  and  recording  system. 
The  system  should s 

1)  not  disturb  the  spray  pattern  or  atomization  mechanismi 

2)  be  able  to  sample  at  various  times  and  at  various  points 
in  a  given  spray? 

3)  not  be  restrictive  as  to  the  choice  of  liquids  employed? 

4)  not  be  restricted  to  ambient  test  conditions? 

5)  apply  to  all  ranges  of  flow,  velocity  and  dispersion? 

6)  provide  a  permanent  record,  and 

7)  be  Inexpensive  to  purchase  and  operate, 

(45)  ( 3Q) 

Two  Investigators,  Matthews'  et,al.  and  Putnam'  '  et.al, , 
have  conducted  extensive  surveys  on  the  various  droplet  measurement 
techniques  and  categorized  them  as  shown  below? 
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TABLE  Hit  DROPLErr  MEASURBHENT  TECHNIQUES 


Matthews .  et,al, 

1,  Electrical  and  Electronic 

2,  Deposition  and  Collection 

3,  Light  Scattering 
Fluorescent  Photography 

5,  Streak  Photography 

6,  Spark  Photography 

7,  Pulsed  Laser  Holography 


Putnam .  et.al. 

Electronic  and  Radioautographlc 
Slide  or  Cell  Collection 
Light  Scattering  or  absorption 
Direct  Photographic 
Cascade-Irapactor 
Freezing  and  Sieving  (Wax) 


Each  method  has  its  advantages  and  disadvantaiges ,  but  none  is  entirely 
satisfactory.  All  of  the  techniques  may  be  criticized  for  one  or  more 
reasons;  questionable  accuracy  and  assumptions,  undesirable  physical  dis¬ 
turbance  of  the  spray,  complicated  equipment,  etc.  The  most  common  ob¬ 
jection  to  any  method  is  that  it  is  too  tedious  and  time-consuming. 

All  of  the  drop  size  investigators  used  one  or  more  of  the 

techniques  listed  in  the  Table,  Nuklyama  and  Tanasawa^^^  used  the  glass 

slide  method  from  which  photomicrographs  were  made  to  size  the  droplets, 

Bitron^^"^^  used  the  same  technique  as  did  Vol3mskiy^^\  Ingebo  and 
(3) 

Foster  used  a  high  speed  camera  to  obtain  photomicrographs,  Weiss 
and  Worsham^ in  their  investigation  used  the  frozen  waoc  method.  The 
data  produced  by  these  Investigators  is  considered  good  and  is  generally 
accepted, 

A  brief  description,  along  with  ad'/antages  and  disadvantages, 
of  some  of  the  droplet  measurement  techniques  listfKl  in  Table  III  is 
given  below t 
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The  system  is  not  biased 
to  any  particular  drop 


The  techniques  listed  in  the  Table  above  are  the  type  i jvesti- 
gators  might  consider  in  selecting  a  means  for  measuring  droplet  size 
in  a  high  speed  flow  field.  The  Table  is  by  no  means  complete,  since 
a  number  of  tec  nlques  such  as  electrical  and  electronics  systems , 
fluorescent  {iiotography  (which  uses  fluorescent  light  emitted  by  the 
drops  in  an  exciting  radiation  sheet,  Rlce^^^^)  and  the  Cascade-impac- 
tor  have  not  been  discussed. 

The  holographic  technique  was  chosen  fcr  this  work  because  of 
its  many  advantages,  '..'hiie  not  devoid  of  disadvantages,  it  satisfies 
many  of  the  criteria  as  set  forth  by  Lewis,  Assuming  the  recording 
and  reconstruction  systems  are  operational,  acquisition  and  reduction 
of  the  droplet  data  Is  quite  simple  and,  relatively  speaking,  more  rapid 
than  any  of  the  other  techniques.  The  characterization  of  the  spray  is 
more  comprehensive  in  that  a  three-dimensional  recoixi  is  obtained  in 
one  exposure,  but  temporal  variations  are  not  recorded.  This  short¬ 
coming  can  be  eliminated  by  taking  a  number  of  holograms  at  the  same 
test  conditions  to  obtain  a  time  average  of  the  size  and  spatial  distri¬ 
bution  of  the  droplets.  Although  holography  does  alleviate  some  of  the 
tediousness  of  acquiring  a  large  amount  of  data,  the  ultimate  goal  of 
automatically  retrieving  the  droplet  data  from  the  holograms  has  not 
yet  been  achieved. 

5.  Holography 

The  Intent  of  this  section  .  j  to  familiarize  the  recider  with  holo¬ 
graphy.  A  qualitati  discussion  follows  which  describes  holograplay, 
how  to  make  and  view  hologram,  and  the  particulars  one  must  consider 
and  tasks  he  mus-  perform  In  order  to  produce  and  properly  view  a 

Wf 


high-quality  hologram,  A  discussion  on  the  pulsed  ruby  laser  is  also 
included, 

"Holography*-  is  the  technique  of  recording  an  image  of  an  object 
using  the  entire  content  of  the  light  reflected  or  transmitted  by  that 
object"'  \  The  entire  content  of  light  includes  its  intensity,  wave¬ 
length  and  phase.  Only  the  first  two  are  used  in  conventional  photo¬ 
graphy.  In  holography,  the  jAiase  content  of  the  light  is  also  used. 

For  a  light  wave  to  have  ihase  content,  the  light  source  must  emit  waves 
with  a  well*defined  iMse  relationship,  A  laser  provides  the  light 
sourca  which  satisfies  the  i^iase  content  requii*ement.  Holography  is  a 
two-step  process  by  which  images  can  be  formed.  In  the  first  step,  a 
corapLex  interference  pattern  is  recorded  and  becomes  a  holograia.  In 
the  second  step,  the  hologram  is  illuminated  in  such  a  way  that  part 
of  the  transmitted  light  is  an  exact  replica  of  the  original  object 
wave.  This  is  called  reconstruction  of  the  wave  front.  The  concept  of 
the  two-step  method  of  optical  imagery  was  first  conceived  In  19^7  by 
Dennis  Gabor,  a  British  research  scientist,  HolograjAiy  as  is  known 
today  had  to  wait  until  the  auivent  of  the  laser  (I962)  which  provides 
a  light  source  with  the  necessary  temporal  and  spatial  coherence  re¬ 
quired  to  produce  good  holograms. 

The  holographic  method  differs  significantly  from  the  conventional 
photographic  process  in  several  basic  respects,  and  has  distinct  advan¬ 
tages  in  many  areas.  The  basic  difference  between  conventional  photo- 

*"flolo"  is  derived  from  the  Greek  word  "holos'*  which  means  com¬ 
plete,  entire  or  total;  "gram"  means  writing,  drawing  or  recorc'lng; 
when  the  two  are  combined,  they  produce  the  werd  "hologram"  whlo'-  means 
the  complete  or  total  record  of  a  scone. 
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grainy  and  holography  is  that  in  hologi'aphy  the  object  wave  itself  is 
recorded  rather  than  an  image  of  the  object.  This  wave  is  recorded  in 
such  a  way  that  a  subse','uent  illumination  of  this  record,  serves  to  re¬ 
construct  the  orlginaj.  ^rave  object  even  in  the  absence  of  the  original 
object.  The  most  obvxjus  advantage  of  holography  is  the  ability  t.o 
store  enough  information  about  the  object  in  the  hologram  to  produce  a 
direct  tiiree-diiaensions.1  image  complete  with  parallax  and  large  depth 
of  focus.  The  quality  of  the  holographic  image  is  less  sensitive  to 
the  characteristics  of  the  recording  medium  than  is  the  quality  of  a 
photograph.  In  addition  to  the  three-dimensional  capability,  holograms 
possess  other  properties: 

a)  the  hologram  has  a  field  of  view  that  is  limited  in  general 
only  by  the  resolution  of  the  recording  mediumj 

b)  the  oth  of  field  recorded  in  a  hologram  is  limited  only 
by  source  bandwith} 

o)  every  small  part  of  thi  pttotographic  material  on  which  a 
hologram  is  recordoa  contains  all  "lements  of  the  image.  The  hologram 
nay  be  cut  into  small  pieces  and  it  still  will  ’'e  possible  to  reconstruct 
the  entire  imsge  from  each  piece; 

d)  If  the  light  souir;e  used  for  wave  fr<^nt  reconstruction  is 
monochromatic,  tu>--'  image  also  monochromatic j  and 

e)  the  lm.age  is  leconstructed  only  as  a  result  of  the  diffrac¬ 
tion  of  too  light  and  not  iiecause  of  the  actual  intensity. 

There  a"?  Kan'/  types  of  holograms,  some  of  which  are:  Fresnel 
.  near-fte)o  j ,  FrannhoCf.r  (far-fleld),  in-line,  off-axis,  transmisslcn, 
r'  I  'r.j-  ‘  rar.'-. forii' ;  fo  name  a  few.  The  mt'er  by  beit» 
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original  Gabor  tyi>o  holograa  was  in-line.  With  this  type  of  hologram, 

the  source  beam  Is  not  split  Into  two  components.  The  beam  is  directed 

toward  the  object,  homo  of  the  light  is  scattered  by  the  object  and 

Home  impinges  on  the  photographic  plate  without  first  encountering  the 

object.  This  type  of  holography  has  some  disadvantages  which  can  be 

eliminated  with  an  off-axis  arrangement  which  splits  the  source  beam 

Into  two  components,  the  scene  and  reference  beamH,  The  idea  of  off- 

axla  holography  Is  credited  to  E.  Leith  and  J.  Upalnieks  of  the  Univer- 

(49) 

slty  of  Mlchigaji  .  The  component  beam  that  is  directed  toward  the 

object  is  scattered  or  diffracted  by  the  object.  The  beam  that  proceeds 
directly  to  the  recording  media  is  the  reference  beam.  Since  the  scene 
and  reference  beams  are  mutually  coherent,  both  having  originated  from 
the  same  monochromatic  light  soui'ce,  they  will  form  a  suitable  Inter¬ 
ference  pattern  when  they  meet  at  the  holographic  plate.  Some  advan¬ 
tages  of  the  off-axis  (sldeland)  reference  beam  method  arej 

a)  elimination  of  critical  film  processing; 

b)  elimination  of  the  effects  of  self-interference  between 
different  points  of  the  object; 

c)  it  makes  reconstractlcn  possible  for  objects  that  do  not 
transmit  a  large  portion  of  the  Incident  wave.  Any  transmitting  or 
reflecting  object  can  be  photographed; 

d)  the  real  and  virtual  images  are  nepftrated;  and 

e)  the  Image  quality  is  relatively  insensitive  to  recording 
nonllnearltles. 

The  dlsail vantages  arei  high  ie<\uli-oment!.  on  coherence  and  stability  of 
the  system  and  neceesUy  for  high  r-'solution  films. 

In  wltti  ttie  ,1  iverd  u!  the  gas  ta-'-or,  lelth  ar.d  UiHtnleks  Intro- 


duced  the  concept  of  diffuse  illumination  holograj^y^ By  placing 
a  diffuser  such  as  an  opal  glass  behind  the  object,  a  hologram  is  formed 
of  both  the  diffuser  and  the  object.  In  this  way,  it  is  possible  to 
view  the  image  formed  frua  the  hologram  by  merely  looking  through  the 
hologram  as  through  a  window,  which  was  not  the  case  prior  to  this  time. 
This  type  of  hologram  has  other  aul vantages  t 

a)  the  information  about  any  single  object  point  is  recorded 
over  the  whole  photographic  plate  Instead  of  a  Itl  correspondence  be¬ 
tween  a  portion  of  the  hologram  and  a  region  of  the  object.  Therefore, 
only  a  small  part  of  the  hologram  is  required  to  form  an  image  of  the 
whole  object}  and 

b)  another  advantage  is  that  dirt  or  scratches  on  mirrors,  beam 
splitters  and/or  lenses  used  in  making  the  holograms  no  longer  repre¬ 
sent  the  problem  they  did  in  the  earlier  types.  Host  of  these  imper¬ 
fections  are,  to  a  great  extent,  smeared  out  over  the  whole  plate  and 
thus  have  a  nogllgbly  small  effect  on  the  reconstruction. 

Perhaps  the  single  most  important  aspect  of  this  technique  is  the  ability 
to  record  holograms  of  diffusely  reflecting  three-dimensional  objects. 

The  type  of  hologram  which  was  produced  in  this  Investlg.  ‘ion  war  an 
off-axis,  Fresnel,  diffuse  illumination  hologram,  which  explains  why 
the  detailed  di8cuss^on  of  this  type  of  hologram  was  presented  above. 

In  the  following  paragraphs,  the  recording,  reconstruction  and  considera¬ 
tions  involved  with  the  off-axis  type  hologram  will  be  presented, 

A  holofip^aphlc  system  consists  of  three  major  components j 

1)  a  lasfjr  illuminator  (a  coherent  light  source); 

2)  a  hologram  camera  (a  system  of  mirrors,  lenses  and  beam 
splitters),  and 
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3)  a  reconstructor  (a  means  of  duplicating  the  reference  beam 
to  reconstruct  the  wave  front). 

By  far  the  most  common  and  important  light  source  for  holography  is 
the  laser-gas  or  solid  state  (pulsed  ruby  laser).  Of  primary  interests 
are  the  temporal  and  spatial  jxroperties  of  the  light.  All  light  waves 
emitted  by  a  laser  start  together  and  therefore  are  in  pl^iase.  This  is 
called  coherent  light.  Coherence  can  only  be  obtained  with  monochro¬ 
matic  light  that  is  consisting  of  a  single  or  a  few  v/avelengths.  The 
wavelength  is  characteristic  of  the  type  of  laser,  such  as  helium-neon, 
ruby,  etc.  The  pulsed  ruby  laser  is  the  most  often  used  solid  state 
laser  for  holographic  application,  emitting  light  at  a  wavelength  of 
6,943  amgstroms.  This  wavelength  is  approximately  at  the  limit  of  thc- 
long  wavelength  cut-off  for  red  sensitized  photographic  emulsions,  but 
is  nevertheless  still  quite  usable.  The  ruby  laser  l«is  a  much  smaller 
coherence  length  (a  few  centimeters)  than  the  gas  laser,  so  that  one 
must  be  careful  that  the  ^a,th  length  differences  between  the  scene  and 
reference  besjns  do  not  exceed  this  length,  Recause  a  ruby  laser  is 
pulsed,  it  lias  some  very  definite  advantages  over  a  continuous  source 
such  as  a  gas  laser  for  some  holographic  applications.  Because  of  this 
short  pulse  duration,  some  object  movement  can  be  tolerated  during  i 
exposure,  Pulsed  laser  holography  has  an  advantage  of  clrcu?  e-  ,ng  the 
depth  of  focus  problem  associated  with  small  objects  in  motle.  ,  Short 
pulse  duration  is  accomplished,  by  Q-switching  the  laser  oscillator.  It 
is  the  vochnique  of  Isolating  one  of  the  end  mirrors  cf  the  laser  cavity, 
Q-switchlng  is  accompllehed  with  a  Kerr  cell  which  contains  nitrobenzene 
or  a  dye  cell  which  contains  a  dye  such  as  chiorophyl  D  or  cryptocyanine. 
A  detailed  d'^scrl  yd  1  on  of  Q-switehing  and  colls  which  accomplish  it  can 
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be  found  In  Wuerker 
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The  major  drawback  in  making  a  hologram  with  a  pulsed  laser  is  the 
limited  coherence  length.  Another  drawback  to  the  use  of  a  pulsed  ruby 
laser  as  a  source  for  holography  Is  that  the  wave  front  of  the  output  is 
not  simply  defined.  However,  holograms  can  be  successfully  produced 
using  a  pulsed  ruby  laser  without  mode  control  by  careful  choice  of  the 
optical  arrangement  to  minimize  the  effects  of  the  relatively  low  tem¬ 
poral  aJid  spatial  coherence  of  the  ruby  laser  light.  This  is  accomplished 
by  arranging  the  holographic  system  for  zero  path  difference  between 
object  and  reference  beams  and  also  by  matching  as  closely  as  possible 
the  relative  operational  positions  of  the  two  wave  fronts,  When  these 
two  conditions  are  met,  the  two  waves  will  be  coherent  with  each  other 
and  a  good  hologram  will  be  recorded.  If  there  is  a  path  mis-natch, 
the  reconstructed  hologram  appears  dim  and  hazy  instead  of  bright  2ind 
clear  with  good  contrast  and  high  resolution.  Spatial  coherence  is  the 
consistency  of  phase  across  the  output  of  tne  laser  as  a  function  of 
time.  The  desired  situation  is  where  phase  is  constant  across  the  full 
output  of  the  beam  independent  of  time.  In  recording  the  hologram, 
both  reference  object  beams  must  have  well-defined  wave  fronts  which 
are  constant  in  time.  Temporal  coherence  (coherence  length)  is  the 
distBince  two  beams  from  the  same  source  can  be  mis-matched  and  still 
interfere.  Temporal  coherence  limits  the  size  of  the  object  that  can 
be  photographed  holographically.  In  this  investigation,  a  pulsed  ruby 
laser  was  used  because  of  its  high  energy  and  ability  to  make  holograms 
of  moving  objects.  In  the  paper  Wuerker  and  Keflinger^^^^  describe  how 

coherence  length  of  a  ruby  laser  can  be  improved. 

To  obtain  a  hologram,  one  must  have  a  light  source  with  sufficient 
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temporal  and  spatial  coherence.  The  optical  system  must  be  stable  and 
one  must  have  high  resolution  film  to  record  the  fine  interference  pat¬ 
tern,  The  following  components  are  required  for  constructing  holograms 
of  three-dimensional  objects » 

1)  a  gas  or  pulsed  laser} 

2)  a  stable  platform  for  maintaining  all  components  except  the 
laser  (not  necessary  for  pulsed  lasers); 

3)  front  surface  mirrors  1/4  wavelength  flat; 

4)  beam  splitters  1/4  wavelength  flat; 

5)  lenses  for  diverging  and  collimating  laser  beams; 

6)  piiotographlc  plate  or  film  holder;  and 

7)  high  resolution  photographic  plates. 

Figure  6  shows  the  arrangement  for  recording  an  off-axis  Fresnel 
hologram.  One  starts  with  a  single  monochromatic  beam  of  light  which 
has  originated  from  a  very  small  source.  This  single  beam  of  .  Ight  is 
diverged  and  collimated  and  then  split  Into  two  components »  one  of  which 
is  directed  toward  the  object  or  the  scene;  the  other  is  directed  to  a 
suitable  recording  medium,  usually  a  photographic  emulsion.  The  com¬ 
ponent  beam  that  is  directed  toward  the  object  is  scattered  or  dif¬ 
fracted  by  the  object.  This  scattered  wave  constitutes  the  object 
wave  which  is  now  allowed  to  fall  on  tlie  recording  medium.  The  wave 
that  proceeds  directly  to  the  recording  medium  Is  termed  the  "reference" 
wave  or  beam.  Of  fundamental  importance  xn  making  holograms  is  the 
relative  stren^ch  or  intensity  ratio  of  the  object  and  reference  beams. 

An  object  reference  beam  ratio  of  unity  at  the  hologram  is  recommended 

for  reconstruction  with  maximum  contrast.  All  Investigators  are  not  in 
agreement  with  this.  The  intensity  ratio  of  the  beams,  for  best  results. 
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Splitter  Mirror 
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Fi^ixre  6.  Arrangeaent  for  Off-Axis  Fresnel  Tzansmission  Holography 


varies  with  the  ap3)lication  and  the  object  of  which  a  hologram  is  being 
made.  Since  the  object  and  reference  waves  are  mutually  coherent,  they 
will  form  a  suitable  interference  pattern  when  thoy  meet  at  the  recording 
medium.  This  interference  pattern  is  a  complex  system  of  fringes  in 
spatial  variations  of  irradiance  which  are  recorded  in  detail  on  the 
photographic  emulsion.  The  emulsion  will  be  exposed  only  in  areas  where 
the  beams  reinforce  and  not  where  they  cancel.  The  microscopic  details 
of  the  interference  pfittern  are  unique  to  the  object  wave.  Different 
object  waves  will  produce  different  interference  patterns.  Holograms 
may  be  recorded  with  diverging, collimated  or  converging  reference  beams. 
If  care  Is  taken  to  maintain  the  recording  geometry  during  reconstruc- 
tion,  it  is  possible  to  form  holograms  with  an  arbitrary  reference  beam. 
The  only  requirement  is  that  it  be  coherent  with  the  object  beam. 

As  mentioned  earlier  in  this  Section,  holography  is  a  two-step  pro¬ 
cess,  recording  and  reconstruction.  After  recording  the  scene  on  the 
hologram,  the  holographic  plate  is  then  developed  in  a  manner  similar  to 
a  photograph.  See  Chapter  III,  Section  2,c,  The  hologram  can  now  be 
reconstructed}  that  is,  the  tj.  le  scene  image  is  made  visible  by  suitable 
illumination  even  though  the  object  is  not  present  during  the  reconstruc¬ 
tion  process.  Reconstruction  of  the  hologram  wavefront  is  required  so 
the  data  can  be  retrieved  from  the  hologram.  Reconstruction  is  accom¬ 
plished  by  illuminating  the  hologram  with  a  light  source  whose  wave¬ 
length  is  the  same  as  or  similar  to  that  of  the  reference  beam  used  in 
recording.  In  other  words,  one  reconstructs  the  hologram  by  simulating 
the  recording  reference  beam.  The  holographic  plate  is  oriented  to  the 
reconstruction  light  source  similar  to  the  way  it  was  oriented  to  the 
recording  light  source.  That  Is,  the  emulsion  cide  of  the  plate  faces 


the  illuminator  and  the  angle  the  plate  makes  with  the  reconstruction 
beam  is  approximately  the  same  as  it  was  during  recording.  If  the  re¬ 
cording  reference  beam  »ai  'ollimated,  the  reconstruction  beam  should  be 
collimated,  otherwise  some  aberrations  are  introduced  and  the  image  will 
be  distorted.  Coherence  requirements  are  much  lower  for  viewing  than 
for  constructing  p  hologram.  In  the  reconstmctlon  process,  two  images 
can  be  recovered j  a  virtual  image  which  forms  behind  the  hologram  plate, 
and  a  conjugate  or  real  image  which  forms  in  front  of  the  hologram.  The 
virtual  or  real  image  of  the  scene  can  be  viewed  depending  on  how  the 
plate  is  oriented  to  the  light  source.  If  one  of  the  images  is  being 
viewed,  the  other  can  be  viewed  by  rotating  the  plate  180*^  keeping  the 
emulsion  side  of  the  plate  facing  the  illuminator.  The  virtual  image  is 
usually  viewed  for  qualitative  information,  since  it  can  be  readily  seen 
wHh  the  naked  eye,  while  the  real  image  is  used  in  the  retrieval  of 
quantitative  data.  The  real  image  is  difficult  to  view  without  the  aid 
of  a  lens  or  backdrop. 

There  are  se/eral  factors  that  can  limit  the  resolution  of  holo¬ 
graphic  image  i 

1)  the  size  and  bandwith  of  the  source  providing  the  reference 
and  reconstruction  beams; 

2)  the  resolution  capability  cf  the  recording  medium;  and 

3)  the  geometric  aberrations  that  can  arise. 

High  quality  holographic  Images  require  a  narrow  band  light  source  both 
for  recording  and  reconstructing  the  hologram.  Every  recording  medium 
will  ha^e  an  upper  limit  on  the  spatial  frequencies  it  is  capable  of 

recording.  The  five  Seidel  aberrations,  spherical,  coma,  astigmatism, 
field  curvaturo  and  distortion, are  all  present  in  a  general  holographic 
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system.  All  of  these  primary  aberrations  will  disappear  simultaneously 
by  using  plame  wave  (collimated)  reference  and  reconstruction  beams  of 
equal  but  opposite  off-set  angles  and  by  scaling  the  hologram  in  the 
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ratio  of  the  wavelengths.  Champagne  and  Massey' have  found  that  the 
limiting  factor  in  the  resolution  of  imges  was  the  angular  alignment 
of  the  reconstruction  wavefront.  In  their  paper,  they  also  present  the 
equations  for  sj^erical  aberration,  coma,  astigmatism  and  the  correction 
needed  to  compensate  for  change  in  wavelength  by  the  recording  reference 
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and  reconstruction  beams.  Latta'"^'^  '  has  analyzed  hologram  imagery 
and  aberrations  peculiar  to  the  type  of  hologram  and  those  introduced 
by  a  wavelength  shift.  He  developed  a  technique  for  aberration  balsuicing 
to  reduce  aberrations  in  off-axis  holograms.  Meler^^^^  concludes  that 
all  aberrations  can  be  made  to  disappear  simultaneously  from  an  image  by 
using  parallel  reference  and  illuminating  beams,  by  giving  the  latter  an 
off -axis  position  proportional  to  that  of  the  reference  beaiii  and  b> 
scaling  up  the  hologram  according  to  the  wavelength  ratio,  A  cliange  in 
wavelength  between  the  recording  and  reconstruction  reference  beams 
causes  a  shift  in  the  position  of  the  object  by  a  ratio  of  the  wave¬ 
lengths  of  the  two  beams.  If  the  reconstruction  light  source  has  a 
wavelength  different  from  the  recording  light  source,  the  angle  at 
which  the  hologram  is  placed  relative  to  the  reconstruction  light  source 
has  to  be  different  from  that  used  in  recording  In  order  to  properly 
illuminate  the  hologram.  Smith'  '  shows  the  sensitivity  of  a  hologram 
to  orientation  and  wavelengt,h.  His  book  and  that  of  DeVel  is  and 
Reynolds^ are  excellent  treaties  on  the  principles  and  theory  of 
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holograptjy. 


6.  Droplet  Statistics  and  Distribution  Functions 


It  has  already  been  stated  that  accurate  knowledge  of  the  droplet 
size  distribution  as  a  function  of  system  pa.ameters,  flow  conditions 
and  i^yslcal  properties  of  the  spray,  is  fundamental  to  detensinlng  the 
mechanism  by  which  the  jet  is  atomized,  'this  Is  why  cin  accurate  method 
for  measuring  drop  size  is  needed.  Cnee  the  droplet  data  is  obtained, 
then  a  means  of  handling  and  reducing  it  into  a  form  which  can  be  used 
to  describe  the  spray  is  necessary  for  raathematical  analysis  and  corre¬ 
lation  purposes.  This  is  where  the  concept  of  the  various  mean  droplet 
diameters  and  size  distribution  functions  come  into  play.  They  provide 
a  mathematical  means  for  characterizing  the  spray  in  order  to  make 
analysis  more  tractable,  so  a  better  understanding  of  the  atomization 
mechanism  can  be  obtained.  In  vuis  Section,  a  discussion  of  the  mean 
diameter  concept  and  some  of  the  distribution  functions  used  in  droplet 
and  particle  size  investigations  will  be  presented, 

a.  Mean  Diauneter  Concept t  A  spray  may  be  characterized  by  an  ap¬ 
propriate  mean  diameter.  In  some  cases,  it  is  desirable  to  work  with  an 
average  diameter  rather  than  the  complete  drop  size  distribution.  How¬ 
ever,  a  given  mean  diameter  only  describes  a  single  point  of  a  distri¬ 
bution  and  there  are  many  possible  distributions  which  have  the  same 
mean  diameter.  Hence,  in  ord.er  to  use  the  mian  diameters  properly  auid 
effectively,  they  must  be  used  in  conjunction  with  a  given  distribution 
function.  The  number  mean  or  linear  average  diameter  is  obtained  using 
the  equation 
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where  »  mid-diameter  of  a  given  sisse  class 

»  number  of  droplets  in  a  given  size  class 
For  a  smooth  distribution,  the  equation  can  be  expressed  in  integral 
forraj 
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where  dN/dD  represents  a  number  distribution  function;  rate  of  change  of 
number  of  droplets  with  change  in  diameter.  If  dropiot  surface  area  is 
of  interest,  one  would  choose  the  surface  mean  diameter 
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The  general  equation  for  mean  diameters  in  terms  of  number  distribution 
is 
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In  terms  of  volume  distribution  the  equation  becomes 
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since  the  nuraher  and  volurae  distributions  are  relatfxi  by 
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Equations  (25)  and  (26)  relate  the  various  mean  diameters  to  a  given 
distribution  function, 
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Mugele  and  Evans'  presented  the  following  table  of  mesuj  diameters 


and 

their  fields 

of  application t 

TABLE 

Vt  MEAN  DIAMETERS 

<L 

p  +  q 
(order) 

NAME  OP  MEAN 
DIAMETER 

FIELD  OF  APPLICATION 

0 

1 

1 

Linear 

Comparisons,  evapora¬ 
tion 

0 

2 

2 

Surface 

Surface  controlling  - 
G.g, ,  absorption 

0 

3 

3 

Volurae 

Volume  controlling  - 
e.g. ,  hydrology 

1 

2 

3 

Surface 

diameter 

Adsorption 

1 

3 

4 

Volurae 

diameter 

Evaporation,  raolecular 
diffusion 

2 

3 

5 

Sauter  (Volume- 
surface) 

Efficiency  studios, 
mass  transfer, 
reaction 

3 

4 

7 

DeBrouckere 

Combustion  equilibrium 

Another  mean  diameter  which  is  often  of  interest  but  not  listed  in  the 
Table  is  the  number  (volurae,  mass,  etc.)  median  di-meter.  It  is  the 
size  above  and  below  which  the  total  number  (volume,  mass,  etc.)  is  the 
same,  irrespective  of  their  size.  It  is  the  50^  point.  One  can  see  that 
a  spray  has  four  chaiacteriaticsi  the  number  of  droplets,  their  dla~ 
rasters ,  surface  area  and  volurae. 

The  mean  diameters  are  not  all  indeperdeiic.  ’ '**01  each  other  and 
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certain  relationships  exist  among  them.  By  using  equation  (25)  one  can 
show  that 
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where  c  is  an  uncommon  index.  For  a  relationship  to  exist  between  two 

diameters,  one  of  the  indices,  either  the  p  or  q,  of  one  disuneter  must  be 

common  (the  same  as)  wltu  one  of  the  indices  of  the  second  diameter.  For 

example ,  D43  and  or  and  can  be  related,  but  not  B^^  and 

Two  different  distributions  of  drop  sizes  may  have  the  same  value  for 

one  of  the  mean  diameters  and  yet  entirely  different  values  for  the  other 

(31) 

moan  diameters,  This  is  Illustrated  in  Table  II  of  Mugele  and  Evans'-^  ' , 
b.  Distribution  Functions t  The  real  task  of  droplet  data  proces¬ 
sing  is  to  replace  the  actual  droplet  point  distribution  with  a  represen¬ 
tative  curve  distribution.  Distribution  expressions  are  used  to  mathe¬ 
matically  describe  the  drop-size  distribution  in  a  spray.  According  to 

(39) 

Mlesse  and  Putnam'  a  suitable  expression  would  j 
1)  fit  the  data  adequately; 

3)  allow  for  extrapolation; 

3)  permit  easy  calculation  of  mean  sizes  and  other  parameters 
of  Interest i 

4)  furnish  a  means  of  consolidating  large  amounts  of  data;  and 

5)  give  an  insight  into  the  fundamental  mechanism  of  droplet 
production. 

Size  distributions  can  be  expressed  in  terms  of  any  of  the  following 
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four  quantities 3 


1  ’  th?  inc'ramcr'.t of  droplets  vritnln  a  size 

ran(/e  (D  -  D  <  ( i)  f  i 

2  2 

2)  th«  increnental  volume  A 1%  of  droplets  in  the  size 

i^arc^e  A  D  j 

'.)  ti.a  cumul')*  ^  ve  number  of  dToplet?,  less  than  a  given  size, 

Dj  and 

4)  the  Gumulitive  volum*.  of  droplets,  V,  less  than  a  given 

size,  D, 

The  type  of  onr''e3  oVAaintjd  from  it  'ms  l)  or  2)  when  dN  and  dV  are 

dD  dD 

plotted  versus  diameter,  D,  is  a  skewed  "bell"  shape,  in  general.  When 

dd  and  are  integrated  and  plotted  versus  D,  the  cumulative  distrl- 

dD  dD 

button  of  items  o)  and  U)  are  obtained,  and  the  curve  shapes  are  usually 
stretched  out  "r>*r>".  Th“  number  and  volume  distributions  are  related  by 
equation  (27),  A  convenient  way  of  using  these  distribution  functions 
Is  to  normalize  the  number  and  volume  with  the  total  nutiber  and  volume, 
ouch  that  N  and  V  are  the  number  and  volume  fractions  of  droplets  having 
:  iiameter  less  (or  preaver)  than  a  given  incremental  diameter,  D,  Data 
re  rocs  on  till!/  volume  fraction  instead  of  num^  ar  fraction  wil]  yield  a 
oi;rvo  skcwfHl  foward  the  lart^er  diameters  on  a  dV/dD  versus  D  plot  because 

3 

oach  ('■'at?  .'Ize  is  new  weighted  In  proportion  to  D  ,  One  large  drop 

coul'i  o  ^’'shidow  ho  p*'foc/  of  many  email  ..ropa. 

IleallVs  the  omvtoI ttion  co<  ^flclents  or  parameters  cf  a  dlstri- 
•  a!i'  f'.'fi'  'Ion  f  \r  f.,  fundamental  m-' 'hanlsms  ot  the  epEay 

■  '1  ,  ‘I-  ',  <•  ‘  !  I .  n  fipvtionr  to  cK' faoterizo  the  dr>)plet 


I'l  lo'i  lor-  oM'i'tud  from  the  raw  data  with 

)  (  '  '  1  '  t  ,  n  ‘  •  1  fl.  i  1  ■  ’  < '  1  .  'J  ''  h'  'V 


•Ifl.  !  1 


''jjf 

'4 


,  o' 


V 

‘wC 

‘Y 

*y- 


'Mr 


well  a  given  curve  represents  the  aictual  spray.  Certain  statistical 
tests  such  as  Chi-square  goodness  of  fit,  F-ratio  and  T-distribution, 
are  applied  to  determine  how  well  a  given  distribution  function  models 
the  data  and  at  tfhat  confidence  level.  The  manner  in  which  the  droplet 
data  is  grouped  into  intervals  or  class  sizes  plays  an  Important  part  in 
confidence  level.  The  more  diameter  class  sizes  there  are,  the  more 
droplet  counts  need  to  be  made  in  order  to  maintain  a  given  confidence 
level.  The  monograph  by  Herdan^  ^  gives  a  comprehensive  treatment  to 
small  particle  (droplet)  statistics. 

Four  unimodal  distribution  functions  were  selected  to  model  the 
droplet  data  resulting  from  this  investigation.  They  were  Log-Probabil¬ 
ity,  Upper-Limit,  General  Exponential  and  Nuklyama-Tanaeawa.  The 
equations  for  these  four  distribution  functions  and  tr^-'r  corresponding 
mean  diameters  will  be  discussed  in  detail  in  Chapter  V,  The  Upper- 
Limit  function  Is  a  modificaticn  of  the  Log-Probability  function  and  was 
developed  by  Mugele  and  Evans*  The  Nukiyama-ranasawa^^'^  function  Is 

a  modification  of  the  General  Exponential  function.  Other  distribution 
functions  are  discussed  In  Hlroyasu^*^^  ^  (Chi-square  distribution)  and 
Brown  and  Leonard^  '  fw'elbull).  Multimodal  distribution  functions 
were  not  considered  In  this  investigation.  Other  reporls  of  Interest  in 
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and  Oary,  r  •  ,u  and  Harris'' 


CHAFfER  III 


AJD  DE:JCRIPriOt'.’S  AND  PR0CR'3UP£S 


1 ,  Test  System  Description  and  Qperatinp;  Procedure 


The  test  system  was  located  on  Test  Stand  1-46A  at  the  Air  Force 
Rocket  Propulsion  Laboratory.  A  schematic  of  this  system  is  shown  in 
P’igure  7  ,  The  major  subsystems  which  comprise  the  total  test  system 
are:  high  pressure  gas  supply,  supersonic  wind  tunnel,  liquid  supply, 
instrumentation,  electrical  and  laser-holocamera.  The  wind  tunnel  was 
located  on  T.S,  1-46a  so  connection  to  existing  fluid  supply  systems 
could  be  made,  thus  reducing  the  cost  and  time  required  to  render  the 
test  system  operational.  Since  the  test  stand  was  designed  for  -sting 
rocket  thrust  chamber  assemblies,  all  systems  could  be  operated  remotely 
‘'rom  a  blockhouse,  'ilihough  remote  operation  of  the  wind  tunnel  was  not 
required,  it  was  expedient  to  make  use  of  this  capability  to  facilitate 
test  system  buildup,  5ach  of  the  subsystems  will  now  be  discussed  in 
detal) , 

a.  High  Pressure  (las  System »  The  high  pressure,  gaseous  nitrogen 
system  consisted  of  two,  270  cubic  foot,  ^,000  ps^g  rated  vessels  and 
four,  310  cubic  foot,  2,400  psig  rated  vessels.  These  more  than  adequately 
provided  sufficient  gas  to  flow  the  wind  tunnel,  pressurize  the  liquid 
system  and  control  pneumatically  operated  remote  valves,  ('ll  the  vessels 
were  connected  to  one  main  gas  supply  line  to  the  test  stand.  The  two 
5,000  psig  vessels  were  i  linly  used.  The  lower  pressure  vessels  were 
isolated  from  the  higher  pressure  vessels  by  ebeck  valves  to  avoid  over- 
pressurization,  Also,  relief  valves  were  installed  on  the  lower  pressure 
vessels  in  the  event  the  cr.eck  valves  fallevl.  The  P,400  vessels 

would  automatically  enme  on  line  in  the  event  gas  pre'.'airc  w*  nt  below 
?  I-  i This  iievfr  occi''r<Hl  during  the  tours-  if  tiie  i  '  ■  l  trt.pram, 

IS  ■nanv  as  *  lur  ,  li'  -.ecoud  ^ests  -wi  r*  condt.r'CKi  i  'tuy, 


1*  —  numbers  refer  to  instnj- 
mentation  items  in  Table 
VI  on  page  72. 
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The  gas  could  be  regulated  in  t.he  main  line  to  an  operating  pressure 
which  was  selected  as  3i000  psig.  The  gas  was  then  branched  and  regula¬ 
ted  again  for  use  in  the  various  systems i  wind  tunnel  plenum  pressure, 
liquid  tank  pressurization  and  remote,  pneumatic  ’.alve  operation. 

The  feed  line  tc  the  wind  tunnel  upstream  of  the  remote  isola¬ 
tion  valve  (GN  -  4?  on  the  schematic  of  Figure  7)  was  made  of  3G0 
series  stainless  steel  tubing  3000  psig  rated.  Located  dowrstreara  of 
the  isolation  valve,  was  the  high  pressure  Grove  regulator  which  was  used 
to  set  the  gas  pressure  in  the  plenum  chamber  of  the  wind  tunnel  at  the 
desired  test  conditions.  The  dome  pressure  for  the  regulator  was  set  by 
a  remote  operated,  variable  dome  loader.  The  exit  line  from  the  regula- 
ior  to  the  plenum  chamber  was  mauie  larger  (2")  than  the  inlet  line  to 
accommodate  the  gas  flow  rate  without  excessive  pressure  drop,  since  the 
gas  was  expandi  i  to  a  pressure  range  of  100-300  psig  downstream  of  the 
regulator. 

The  liquid  tank  pressurization  system  consisted  of  a  ll-"  Grove 
regulator  which  was  remotely  set  by  a  variable  dome  loader.  The  regula¬ 
tor  was  set  to  maintain  a  given  liquid  tank  pressure  to  provide  a  steady 
liquid  flow  rate  at  the  desireo  test  condition, 

b,  Supez*3onic  Wind  Tunnel »  The  experimental  apparatus  was  an  inter- 
mittant ,  blowdown,  supersonic  wind  tunnel,  i  photo/rraph  of  the  wind  tun¬ 
nel  Is  shown  in  Figure  8  (sidewalls  removed  on  one  side,  plenum  chamber 
not  shown).  The  wind  tunnel  consists  of  four  main  nartsj  the  plenum 
(stilling)  chamber,  nozzle  blocks,  test  section  and  diffuser.  Design 
of  the  wind  tunnel  was  accomplished  with  the  aid  of  Pope  and 
and  Llepnann  and  Roshko^  ’  ^  The  wind  tunnel  has  the  followinu  operating 


o  harac'"  ei  ist  i  ns  t 


a 


Mach  No. 


3 


b.  Plenum  Chamber  Total  Pressure  Rajige  100-400  psia 

c.  Plenum  Chamber  Tempers.ture  ambient 

The  operating  gas  was  nitrogen,  although  other  gases  could  be  used.  The 
test  section  nominal  dimensions  were  3”  x  3"  crosn  section  and  12“  long. 
The  centerline  cf  the  wind  tunnel  is  40  inches  above  the  floor.  It’s 
external  dimensions  are  10  feet  long,  14  inches  in  diameter  at  the 
plenum  cl-iamber  and  inches  wide  in  the  nozzle  block  and  test  section 
regions.  Silicon  rubber  0-ring  seals  were  used  throughout  the  system. 

The  tunnel  suppoirt  stand  was  an  I-beam  arrangement. 

The  plenum  chamber  provides  a  large-area,  low-velocity  section 
immediately  upstream  of  the  nozzle.  Such  a  chamber,  sometimes  called  a 
stilling  chamber,  greatly  improves  the  uniformity  of  flow  in  the  wind 
tunnel.  The  plenum  is  usually  cylindrical  and  one  or  more  diameters 
long,  Screens  are  installed  in  the  plenum  to  promote  uniformity  of  gas 
fljw  and  +0  reduce  uurbulerice  in  the  gas  stream  before  the  gas  is  ex¬ 
panded  through  the  supersonic  nozzles,  '’'he  plenum  chamber  was  fabricated 
from  schedule  40,  12  inch;  100  series  stainless  steel  pipe.  Bell  type 
reducers  were  used  at  the  gas  entrance  section  for  smooth  transition  of 
the  gas  into  the  plenum  chambei,  A  plate  was  also  installed  at  the  gas 
entrance  section  so  the  gar  w  )ul>i  diffuse  aiound  it  and  not  tunnel  its 
way  through  ^he  plenum  chamber,  thus  jiraluclng  an  undesirable  velocity 
Cpradient.  Placed  inside  the  pipe  soctior  of  the  plenum  rhamoer  are  two 
sets  of  ^ine  mesh  stainless  steel  screen  and  grid  Incking  notviork. 

The  velocitv  in  the  (  hHwtvii:  '/aried  frwm  apw^'./ximatel,,  ‘i  z:>  12  feet  iper 
second  for  i.hfi  1  w  Iilgh  '’lew  rater,  rcsp<ictively.  The  iaB^nimentation 


for  the  plenum  chamber  and  rest  of  the  wind  tunnel  will  be  discussed  in 
the  instrum^'ntation  section.  The  exit  section  of  the  plenum  chamber 
consists  of  a  reducer  which  Roes  from  circular  to  rectangular  in  cross- 
section  at  the  entrance  of  the  supersonic  nozzle  blocks,  since  the  wind 
tunnel  proper  is  two-dimensional. 

The  nozzle,  test  section  and  diffuser  regions  are  two-dimen¬ 
sional  and  are  installed  witnin  o  carbon  steel  frame  referred  to  as  the 
test  bed.  The  opening  between  the  top  and  bottom  rails  of  the  test  bed 
is  sufficiently  large  to  allow  installation  of  the  nozzle  blocks  at  the 
proper  throat  height.  The  opening  's  actually  larger  than  necessary  to 
allow  adjustment  of  the  throat  by  using  shims.  The  side  walls  are  flat, 
parallel  carbon  steel  plates  which  are  bolted  to  the  test  bed  amd  press 
against  0-ring  seals  placed  in  grooves  along  the  sides  of  the  nozzle  and 
tost  section  blocks.  There  Is  a  forward  and  aft  plate  for  each  side 
with  a  window  in  each  forward  plate  for  viewing  the  test  section. 

The  two-dimensional  nozzle  blocks,  through  which  the  gas  accel¬ 
erates  from  the  plenum  chamber  velocity  to  Hach  3  at  the  test  section 
entrance,  are  made  from  tool  and  jig  aluminum.  Design  of  the  nozzle 
blocks  was  patterned  after  those  used  In  tne  UCLA  supersonic  wind  tunnel. 
Since  the  blowdown  system  operates  at  higher  total  pressure  conditions 
than  does  the  UCLA  indraft,  continuous  system,  boundary  layer  correc¬ 
tions  had  to  bo  made  to  the  nozzle  block  design.  Appendix  I  explains 
how  the  correction  was  made.  The  nozzle  block  contours  were  machined  by 
means  of  a  comnuter-contialled  milling  machine.  The  method  is  explained 
i''  3j«!,ld  ,  Ti  a  difrerent  Mach  number  is  desired,  the  present  blocks 

can  easily  be  r(.-iu'’v>>d  and  a  dlfforent  set  installed. 


The  test  section  blocks  are  made  of  606IT  aluminum  and  cire 
mated  flush  with  the  nozzle  blocks  to  insure  srsooth,  uniform  flow  into 
the  test  section.  The  blocks  have  a  slight  outward  taper  in  the  flow 
direction  to  account  for  the  increase  in  boundary  layer  thickness  through 
the  test  section.  Length  of  the  test  section  blocks  is  approximately  12 
inches.  The  bottom  test  section  block  is  tapped  such  that  different 
liquid  injection  orifices  (see  Figure  9)  could  be  screwed  flush  into  it. 
Flow  of  the  gas  stream  through  the  test  section  must  be  as  undisturbed 
as  possible  when  not  obstructed  by  a  model  or  liquid  jet,  as  is  the  case 
in  this  study,  so  test  results  will  not  have  an  external  bias  which 
could  cause  one  to  make  erroneous  conclusions.  Mach  number  variations 
through  the  test  section  and  across  it  were  less  than  0,7^  and  0,%, 
respectively.  The  test  section  has  two  windows,  one  in  each  side  plate. 
Each  window  was  3A  inches  thick,  optical  quality,  tempered  glass, 
through  which  a  12-lnch  len^'^h  and  coraplet<j  cross-section  of  the  test 
section  could  be  seen. 

The  exit  section  or  supersonic  diffuser  was  about  30  inches  long 
and  had  two  flexible  walls  (top  and  bottom)  which  could  be  adjusted  as 
desired  to  provide  a  second  throat, 

c.  Liquid  Supply  Systemi  The  liquid  supply  system  was  used  to  pro¬ 
vide  the  desired  liquid  flow  rate  and  injection  velocity  through  the  ori¬ 
fice  mounted  in  the  test  section  block.  This  system  can  be  seen  in 
Figure  7,  Liquid  injection  into  the  test  section  was  supplied  fi’ora  a 
10  gallon,  1,500  psig  operating  pressure  rated,  stainless  tank. 

Tank  pressurization  was  provided  by  the  regulator  system  described 

above,  Installed  downstream  of  the  tank  are  Isolation,  bleed  and  injec¬ 
tion  valves,  A  'Winch  stainless  stectl  line  connects  the  valves  wit!:  the 


f  r. 


tank  and  orifice.  Prior  to  a  test,  liquid  is  bled  through  the  bleed 
valve  to  insure  that  the  line  is  full  of  liquid  up  to  the  injection 
valve.  This  is  done  to  expel  any  gas  wMch  might  be  trapped  in  the  line, 
that  could  overspin  the  flowmeter  and  damage  it  when  the  injection  valve 
opened  after  the  system  has  been  pressurised.  The  liquid  injection 
val\e  is  a  I-  inch,  remote,  solenoid  vaive  which  is  opened  on  demand  after 
tank  pressure  has  been  set, 

d.  Instrumentation ;  Twenty-one  ciiannels  of  instirumentation  were 
used  to  recor"!  pressures ,  temperatures  and  liquid  flowiate.  The  various 
parameters  were  recorded  on  three  different  types  of  recorders;  strip 
charts,  oscillograjiis  and  magnetic  tape.  The  manufacturer  and  model  for 
each  of  these  recording  systems  is  respectively  as  follows:  Leeds 
Northrup  Kodel  "f." ,  consolidated  Electrodynamics  Corp,  Model  5“123,  and 
.'iystem  Engineering  Ijaboratory  Model  600  Digital  Data  Acquisition  System, 
Those  provided  the  necessary  frequency  response  ranges  to  adequai-'ly 
monitor  the  flow  conditions  during  a  test.  The  instrumentation  specifi¬ 
cation  sheet,  Table  VI  ,  presents  the  particulars  for  each  instrumenta¬ 
tion  item.  The  test  system  schematic.  Figure  7  ,  sliows  the  physical 
location  of  each  instrument  in  the  system, 

A  pressure  transducer  was  placed  a>,  the  top  of  the  liquid  tank 
and  was  used  to  set  the  pressure  roquiretl  to  provide  the  dosired  flowrate 
and  injection  velocity,  A  temperatuie  pro'uo  was  placed  in  the  liquid 
line  near  the  flowmeter'  and  was  used  along  with  the  tank  pressure  to 
determine  the  llo  iid  density.  The  flowmeter  measures  the  volumetric 
flowrate  of  tiie  liquid.  This  is  converted  to  ms.:.  I’lowra*"  Viy  iiulti- 
rAying  the  calibratlou  ''ountanl  and  the  cvelo'.  i.u-  .ecuad,  Tu,;  stv.trean 
of  tije  liquid  inqertii--,  'r'fiee,  t  c  vn  ‘  ..u'ee  ir--  rc.'.rded. 
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These  indicate  the  liquid  condition  just  prior  to  injection. 

In  the  gas  system,  two  pressure  trajisducers  and  one  temperature 
probe  were  located  In  the  plenum  chamber  to  determine  the  total  pressure 
and  temperature  there.  These  were  placed  downstream  of  the  screens. 

The  pressure  taps  were  placed  opposite  each  other  in  order  to  detect 
any  pressure  variation  from  one  side  of  the  chamber  to  the  other.  These 
pressure  transducers  were  used  to  set  plenum  ctember  pressure  as  well  as 
record  pressure  during  a  test.  The  temperature  probe  was  an  open-end 
thermocouple  which  protruded  through  the  chamber  wall  close  to  the  cen¬ 
terline  of  the  plenum  to  insure  a  good  temperature  reading.  Six  pressure 
taps  were  spaced  along  the  lower  nozzle  block  length  on  the  centerline. 
These  were  used  mainJ  y  during  checkout  tests  to  determine  If  the  proper 
pressure  profile  was  being  obtained  through  the  nozzle  blocks.  Seven 
pressure  taps  yrerc  tdaced  in  the  lower  test  section  block}  two  upstream 
ana  ttiree  downstream  of  the  orifice  on  the  longitudinal  centerline  and 
two  off-axis.  See  .'’Igure  ?, 

All  instruments  were  calibrated  ai  th>-  AFTii'L  Prscision  Measure¬ 
ment  fclquipment  Laboratory  prior  to  installation  into  the  test  system. 

The  absolute  pressure  transducers  were  also  calinraL.jd  in  place  by  drawing 
a  vacuum  on  them  at  increment. >  over  the  operating  range,  recording  the 
results  and  comparing  them  with  secondary  standa-ais,  f-Jacii  jarameter  was 
sense-stepped  pirlor  to  and  after  each  test  to  Insi’^e  each  was  fun 'tioning 
properly  and  that  a  zero  shift  had  not  occurred. 

i^lgctrlcal  Systecu  An  e'jectrica'l  system  was  required  to 
signal  operation  of  tlie  remote  valve.-;  mt  gas  reyifi  dome  loaders. 

I’he.se  component.?  we^e  op.er,ite.l  from  a  e.-'Tsole  in.  the  b!  oc-khouse.  ;,>e. 
Flruie  10,  Along  with  th  *  ;>w!'e/)e:'  'o; 


'  hf  mi'Clti'i  1  r  il 


tion  are  two  switches  for  the  laser  and  holocamera  operation.  The  use  of 
these  two,  switches  will  be  discussed  in  the  section  describing  the  laser 
and  holocamera.  Switch  SW-7  ojierates  a  solenoid  valve  which  is  an  emer¬ 
gency  shutoff  for  the  operating  gas  pressure.  Some  spare  switches  are 
also  on  the  console, 

f.  Injector  Orifices t  The  orifices  were  designed  with  a  large 
enough  length/diameter  ratio  to  feel  confident  that  fully  ileveloped  tur¬ 
bulent  flow  had  been  established  prior  to  liquid  injection  into  the  super¬ 
sonic  stream.  Figure  11  shows  a  cross-section  of  the  orifices,  .lile 
Figure  9  shows  the  actual  orifices,  A  3/8"  stainless  steel  AN  union 
was  modified  by  truncatir.g  one  end  slightly  and  inserting  a  steel  rod 
part  way  into  the  union.  The  rod  was  then  welded  to  the  union.  The 
union  threads  were  chased  al'ter  welding  to  eliminate  any  warping  which 
may  have  occurred.  The  desired  orifice  diameter  was  then  drilled  and 
r^ned  through  the  rod  insuring  that  the  drill-through  aJid  union  center- 
lines  were  true  with  each  other.  The  injector  was  then  screwed  into  the 
test  section  block  to  determine  the  exact  length  the  rod  should  be  to  fir 
flush  in  the  block.  Then  the  excess  metal  was  removed.  Table  VII  pre¬ 
sents  some  pertinent  information  about  the  three  orifices  used, 

TABLE  VII  t  LIQUID  INJE)GT0R  ORIFICE  INFORMATION 


Actual  Dia, 

.  (in.)  . 

Length/Dia, 

Discharge 

Cooff, 

.042 

24,95 

.685 

,050 

23.68 

.785 

.062 

1 

19,02 

,?i9 

1 

Liquid  flow  in  all  three  orifices  was  turbulent  in  all  tests}  Re  O(iO^), 


X69C16587-05 

.062 

X6SCI6587-03 

.050 

X69C16587-0I 

.042 

PART  NO. 

A_ 

Fig. II  Liquid  Injection  Orifice  Cross-Section 
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g.  Test  System  Operating  Procedure!  After  insuring  that  all  the 
valves  were  in  their  normal  positions,  the  electrical  console  in  the 
blockhouse  was  activated,  Oi>eratlng  pressure  for  the  pneumatic  remote 
valves  was  set.  The  valves  were  then  functionally  checked  for  proper 
operation. 

Instrumentation  items  such  ais  pressure  transducers  and  thermo¬ 
couples  were  physically  checked  to  insure  that  they  were  properly  in¬ 
stalled  and  electrically  connected.  These  items  were  pre-sensed  before 

\ 

each  test  and  post -sensed  after  a  day's  testing  to  insure  that  no  zero 
shift  occurred.  The  date  recorders  were  prepared  for  test. 

The  liquid  tank  was  filled  with  fluid.  The  fluid  was  then  bled 
through  the  system  to  insure  liquid  was  at  the  injection  valve.  The 
liquid  tank  was  pressurized  to  approximately  30  psig»  and  the  liquid  was 
allowed  to  flow  through  the  bleed  valve  which  was  positioned  very  close 
to  the  Injection  valve.  Flowmeter  spin  was  then  monitored  on  an  oscil¬ 
lograph  to  insure  it  was  functioning  properly.  The  liquid  system  was 
flow-calibrated  to  determine  flow  rate  vs,  pressure  drop  through  the 
system,  so  that  tank  pressure  could  be  set  for  the  desired  injection 
velocity  of  the  liquid  into  the  wind  tunnel. 

After  the  system  set-up  was  completed,  final  test  preparations 
were  made.  The  liquid  tank  was  pressurized  to  the  proper  pressure.  The 
gas  flow  through  the  wind  tunnel  was  started  and  plenum  chamber  pressure 
was  set  for  the  desired  test  condition.  The  liquid  Injection  valve  was 
then  opened  and  a  hologra-m  of  the  resulting  flow  field}  that  is,  liquid 
jet  breakup  in  a  supersonic  stream,  was  taken.  The  liquid  injection  valve 
was  then  closed  and  the  gas  flow  to  the  wind  tunnel  was  turned  off.  This 
completed  the  test  procedure,  and  the  systems  were  then  secured,  A 
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description  and  operating  procedure  for  the  holographic  system  follows 
in  the  next  portion  of  this  chapter. 

2.  Hologram  Recording  System  and  Operating  Procedure 

a.  Pulsed  Ruhy  Lasert  A  schematic  of  the  pulsed  ruby  laser  which 
was  designed  and  built  by  TRW  for  use  with  the  holocanera  is  shown  in 
Figure  12  ,  The  system  consists  of  a  Kerr  cell  Q-switched  oscillator 
and  a  power  amplifier.  When  operated  in  the  Q-switchsd  mode,  the  com¬ 
plete  system  emits  a  single  pulse  of  1  to  3  joules  power,  50  nanoseconds 
duration,  at  a  wavelrin^,ch  of  .69^3  microns.  The  output  from  the  oscilla¬ 
tor  is  intensified  by  the  eimplifler,  whose  capacitor  bank  discharges  ,25 
milliseconds  after  that  of  the  oscillator.  The  beam  is  then  diverged  and 
collimated  to  a  5~inch  diameter  before  it  is  output  into  the  input  port 
of  the  holocamera.  The  de.'dgn  Is  such  that  the  coherence,  spacial  and 
temporal,  allows  recording  of  high  quality  tiansraission  holograms  in  the 

holocamera,  A  detailed  description  of  this  laser  system  ccin  be  found  in 
'  51 ) 

Wuerker  .  A  condensed  description  is  given  below, 

'^he  ruby  oscillator  consists  of  a  |~inch  diameter  by  3  3A~inch 
long  r-’y  rod,  a  plane  99  percent  dielectric  end  reflector,  a  nitroben¬ 
zene  Kei"  cell,  a  calcite  Clan  polarizing  prism,  and  a  sapphire  resonant 
reflector.  An  inner-cavity  aperture  has  been  included  to  select  the 
most  homogeneous  part  of  the  rod  for  good  spacial  coherence, 

Th2  laser  rofi  is  mounted  In  a  watertight  housing  which  also  con¬ 
tains  the  helical  zenon  flash  lamp  and  a  surrounding  cylindrical  silver 
reflector.  The  lamp  is  connected  via  an  ignitron  to  an  external  high 
voltage  (5»000  volts  maximum)  375fXF  capacitor  bank. 

The  Kerr  cell  is  an  electro-optical  device  which  is  used  for 
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Q-switching  the  oscillator.  It  isolates  the  99  percent  dielectric  end 
reflector  from  the  rest  of  the  system,  then  opens  for  an  extremely  short 
duration  to  permit  a  single  exti'eaely  short  pulse  nauioseconds)  to  be 
emitted  from  the  solid  state  ruby  laser.  The  Kerr  cell  is  biased  by  an 
independent  high  voltage  supiily,  A  hydrogen  thyratron  is  used  to  dis¬ 
charge  the  Kerr  cell,  removing  the  quarter  wave  bias.  Timing  circuits 
are  used  to  time  the  discharge  of  the  Kerr  cell  relative  to  the  initiation 
of  current  through  the  oscillator  flash  lamp.  Delay  is  typically  0,85 
milliseconds  after  initiation  of  lamp  current, 

ii  sapphire  resonant  reflector  functions  as  the  output  mirror 
of  the  oscillator  and  is  1  meter  away  from  the  dielectri.c  reflector. 

The  amplifier  consists  of  a  rod  identical  in  sir-e  to  the  one  in 
the  oscillator,  but  of  slightly  greater  chromium  concentration.  The 
oscillator  rod  has  a  concentiration  of  0,03  percent  chromium  dioxide. 

The  amplifier  rod  has  a  concentration  of  0,05  percent.  The  initial  in¬ 
tensity  ge.in  of  this  rod  is  Tho  amplifier  rod  is  mounted  within  a 

housing  identical  to  that  of  the  oscillator.  The  rod  and  flash  lamp  are 
also  wacer-lmmersed.  The  launp  is  also  connected  via  an  Ignitron  to  a 
second  identical  5,000  volt  maximum^  375,W.F*  capacitor  bank. 

The  actual  layout  of  the  components  for  the  ruby  laser  system 
is  shown  schematically  in  Figure  13  *  The  figure  Is  a  top  view  looking 
down  into  the  laser.  The  ;.aser  system  is  folded.  Two  prisms  jog  the 
beam  from  the  Q-switched  oscillator  and  turn  it  through  180  degrees. 

The  beam  then  passes  through  the  amplifier  and  on  into  the  beam  ©xp>-nding 
lens.  Figure  14  is  a  i^otograph  of  the  actual  system.  Folding  the  laser 
about  the  output  of  the  oscillator  section  acts  to  make  the  system  luore 
compact,  A  dark  field  autocolllmator  and  a  1  millivolt  helium-neon  gas 
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Figure  13.  Top  View  Ruby  Laser  Components 


Pulsed  Ruby  I^er  Component  Arranginent 


1 

laser,  vhose  beam  is  used  to  align  the  optics  for  ruby  beam,  are  mount sd  I 

•* 

on  the  same  base  as  the  ruby  laser  optics.  All  components  are  mounted  on  ^ 

a  0,4-inch  thick  by  15-inch  wide  aluminum  channel,  which  functions  as  the 

main  mounting  base  for  the  enti'?e  laser.  The  sapphire  resonant  reflector 

and  99  percent  end  lairror  are  mounted  on  an  independent  carriage  made 

from  3/4-inch  diameter  invar  spacers,  to  decrease  thermal  misalignment 

of  the  end  miirors  caused  by  climatic  temperature  changes. 

The  channel  and  all  the  laser  components  are  mounted  within  alu¬ 
minum  covers,  the  inside  of  which  are  covered  with  polypropylene  olefin 
fiber  insulation.  The  external  covers  are  indirectly  mounted  to  the 
channel  by  phenolic  insulators.  These  are  used  to  minimise  the  flow  of 
heat  to  the  internal  components.  The  external  covers  serve  also  to 
shield  the  optics  from  dust,  solar  heating  and  protect  the  operator  from 
accidental  explosion  of  either  the  lamp  or  the  two  high  voltage  lamp 
insulators. 

The  autocolllraator  inside  the  lassr  illuminator  housing  is  for 
the  purpose  of  aligning  tho  99  pex'cent  dielectric  end  mirror  and  the  re¬ 
sonant  reflector  parallel  to  one  another.  It  is  also  used  to  m^sure  and 
check  the  quarter  wave  retardation  voltage  of  the  Kerr  cell.  It  can  also 
be  used  as  a  sight  by  depressing  mirror  The  autocollinator  is  basi- 

4'. 

cally  a  high  power  telescope  with  a  point  light  source  at  the  focal  plane 
of  the  collimating  lens.  An  internal  beam  2i>litter  and  the  eye  piece  are 
arranged  to  enable  one  to  observe  light  rsiloct'wl  by  external  surfaces. 

This  autocoilimator  is  classified  as  i  dara  fraid  autocollimator,  to  dis- 
tiriguish  it  from  the  more  common  bright  field  versions  used  in  metrology 
Tinil  machine  shops.  The  dark  field  varitity  is  particularly  valuable  for 
aligning  mid  distinguishing  the  various  surffccee  within  >00  solid-state 


ruby  laser  described  here.  No  uaans  of  absolute  measurement  is  needed 
once  alignment  Is  achieved  by  superposition. 

The  most  favorable  ti^ansition  in  ruby  is  the  one  in  which  the 
elec tile  vector  of  the  emitted  light  vibrates  perpendicular  to  the  optic 
axii..  For  thi«  reason,  the  beam  from  the  ruby  laser  is  plane  polarized. 

In  addition,  the  sapphire  host  is  birefringent.  The  ruby  thus  must  be 
properly  oriented  with  respect  to  the  Kerr  cell,  ';alcite  Gian  polarizer, 
and  the  sa.pphire  resonant  reflector,  Tne  latter,  since  it  is  also  bire- 
f’xingcnt,  must,  bo  properly  oriented  with  respect  to  tha  ruby.  The  pro™ 
per  orientation  of  the  laser  components  is  explained  in  detail  in 
Wuerker^^^\ 

The  system  is  intended  to  operate  with  the  electric  vector  of 
the  emitted  ?..ight  polarized  vertically,  I'owaver,  by  rotation  of  the  ruby 
and  Gian  polarizer,  it  can  also  be  '  •  r;,ed  to  emit  a  horizontally  polari¬ 
zed  output  beam.  If  the  plane  of  ■■v)iarization  of  the  oscillator  is 
changed,  the  amplifier  must  also  je  changed,  or  else  its  gain  will  be 
greatly  degraded. 

The  two  flash  lamps  and  the  Kerr  cell  are  electrically  excited. 
Passage  of  a  h,*gh  current  pulse  of  amps  tlirough  each  lamp,  pro¬ 

duces  the  extreme  thermal  fluxes  which  populate  the  two  flourescent  levels 
in  ruby  rod.  Atom  population  inversion  is  via  the  absorption  by  the  ru¬ 
bies  of  the  green  eujd  blue  components  of  the  white  thermal  (•^»^5000°K) 
light  from  the  flash  lamps.  The  lamp  current  surge  is  via  the  electrical 
energy  stored  in  high  \oltage  capacitors.  An  electronic  timing  circuit  is 
used  to  open  the  Kerr  cell  at  the  optimum  time,  A  second  timing  circuit 
is  sed  to  retard  the  -umping  of  the  amplifier  relative  to  the  initiation 
of  pumping  in  tha  oscillator.  Tests  have  shovm  that  maximum  amplification 
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in  the  second  rol  is  not  achieved  when  botli  lamps  are  started  simultane¬ 
ously. 

A  block  diagram  of  the  electronic  equipment  for  the  operation  of 
the  laser  is  shown  in  Figure  15, 

The  cunplifier  lamp  and  oscillator  are  connectea  individually  to 
their  separate  375^lF  ignitron  fired  capacitor  banks.  The  two  capaci¬ 
tor  banks  are  charged  from  a  single  high  voltage  power  supply  (220  VAC, 

1 -phase).  The  charging  of  the  banks  is  controlled  by  an  APT  controller. 

The  Kerr  cell  is  biased  by  a  0  to  30,000  volt  supply  which  is 
connected  across  a  high  voltage  hydrogen  thyratron  (type  KU-27).  The 
pulse  from  the  thyratron  is  coupled  to  the  Kerr  cell  by  a  coap]i;^g  net¬ 
work  inside  the  laser  chest, 

A  firing  circuit  fires  the  ignitron  in  the  oscillator  bank.  The 
signal  is  fed  to  the  two  delay  circuits  which,  after  appropriate  delays, 
fire  the  amplifier's  ignitron  through  its  firing  circuit,  and  the  thyra¬ 
tron  which  fires  the  Kerr  cell. 

The  electronics  are  contained  in  two  floor-standing  consoles, 
shown  in  Figure  16.  The  uiit  seen  on  the  left  contains  the  charging 
power  supply,  the  oscillator  capacitor  bank,  the  amplifier  capacitor 
bank,  the  safety  crowbars,  and  some  of  the  control  relays.  The  console 
on  the  right  contains  the  charging  logic,  the  oscillator  and  amplifier 
firing  circuits,  the  delay  circuits,  the  Kerr  cell  high  voltage  bias  sup¬ 
ply,  and  the  Kerr  cell  pulser.  The  charging  logic  panel  can  be  removed 
from  the  console  so  that  the  function  of  charging  and  discharging  the 
laser  can  be  done  remotely. 
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in  the  second  rod  is  not  achieved  when  both  lamps  are  started  simultane¬ 
ously. 

A  block  diagram  of  the  electronic  equipment  for  the  operation  of 
the  laser  is  shown  in  Figure  I5, 

The  amplifier  lamp  and  oscillator  are  connected  individually  to 
their  separate  375^F  ignitron  fired  capacitoi-  banks.  The  two  capaci¬ 
tor  banks  are  charged  from  a  single  high  voltage  power  supply  (220  VAC, 

1 -phase).  The  charging  of  the  b' nks  Is  controlled  by  an  API  controller. 

The  Kerr  cell  is  biased  by  a  0  to  30»000  volt  supply  which  is 
connected  across  a  high  voltage  hydrogen  thyratron  (type  KU-27),  The 
pulse  from  the  thyratron  is  coupled  to  the  Kerr  cell  by  a  coupling  net¬ 
work  inside  the  laser  chest. 

A  firing  circuit  fires  the  ignitron  in  the  oscillator  bank.  The 
signal  is  fed  to  the  two  delay  circuits  which,  after  appropriate  delays, 
fire  the  amplifier's  ignitron  through  its  firing  circuit,  and  the  thyra¬ 
tron  which  fires  the  Kerr  cell. 

The  electronics  are  contained  in  two  floor-standing  consoles, 
shown  in  Figure  16,  The  ur it  seen  on  the  left  contains  the  charging 
power  supply,  the  oscillator  capacitor  bank,  the  amplifier  capacitor 
bank,  the  safety  crowbars,  and  some  of  the  control  relays.  The  console 
on  the  right  contains  the  charging  logic,  the  oscillator  and  amplifier 
firing  circuits,  the  delay  circuits,  the  Kerr  cell  high  voltage  oias  sup¬ 
ply,  and  thf  Kerr  cell  pulser.  The  charging  logic  panel  can  be  removed 
from  the  console  so  that  the  function  of  charging  and  discharging  the 
laser  can  be  done  remotely. 
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b,  Holocames^t  The  RPL  75°  transsBission  holocanera  was  developed, 

J 

by  TRW  Systems  under  contract  to  the  United  States  Air  Force,  See 
Wuerker^^®^  .  The  75  degrees  refers  to  the  angles  between  the  scene  and  . 
reference  bKims,  This  angle  was  selected  for  the  following  reasons* 

1)  to  give  a  very  wide  viewing  angle  to  the  reconstructed  hologram;  2) 
to  have  a  reference  beam  which  did  not  interfere . with  the  scene », and  3) 
to  permit  more  efficient  use  of  the  Agfa  8E75  high  resolution  film  emul¬ 
sion,  The  major  components  in  the  holocanera  are  the  qaadruide  lens  set, 

.  I 

beam  splitter,  prism  plate,  ground  glass  diffuser  and  mirrors, 

A  schematic  of  the  holocamera  is  shown  in  Figure  17  ,  Figure  18 

i 

is  a  side  elevation  of  the  holocamera,  and  Figurr.  19  is  an  actual 
I^iotograph  of  the  device  along  with  the  laser.  Referring  to  Figure  17, 

I 

the  collimated,  laser  input  beam  enters  the  holocamera  through  the  large 

I 

diameter  port  in  the  side  of  the  holocamera.  The  beam  'then  impinges  on  a 
505  be3,ra  splitter,  which  divides  the  beam  into  a  scene  and  reference' 
beam.  The  scene  beam  passes  through  the  splitter  and  is  reflected  by  > 
mirrors  numbers  1  and  2  arranged  as  a  roof  prism.  Mirror  nimber  3  di¬ 
rects  the  scene  beam  onto  the  paisra  plate  by  bending  the' beam  105^.  The 

I 

beam  is  then  scattered  isotropically  by  a  ground  glass  diffuser  (not 
shown)  attached  to  the  far  side  of  the  prism  plate.  Light  scattered  by 
the  diffuser  is  focused  by  the  quadruple  lens  set  onto  the  hologram. 

The  quadruple  lens  set  provides  a  very  large  aperture,  short  working  dis¬ 
tance  system,  which  minimizes  spherical  aberration,  T|ae  hologram  and 
prism  plate  are  at  1*1  conjugate  image  locations,  and  their  separation  is 
determined  hy  the  focal  distance  (l6  inches)  of  the  quadruple  lens  set. 
The  portion  of  the  incident  laser  beam  which  is  reflected  by  the  beam 
splitter  comprises  the  I'eference  beam,  which  is  further  reflected  by 
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mirrors  4  and  5i  "before  reaching  the  hologram.  These  mirrors  are  located 
so  the  scene-reference  beam  single  is  at  the  desired  value  of  75  degrees. 

The  two  beams  recombine  at  the  plane  of  the  hologram  after  each 
component  has  traveled  the  same  optical  path.  Path  equality  is  deter¬ 
mined  by  accurate  placing  of  the  mirrors,  beaia  splitter  and  prism  plate 
in  the  holocaunera.  All  the  components  in  the  holocamera  are  oriented 
and  positioned  to  inainta,in  a  temporal  and  spatial  match  of  the  scene  and 
reference  beams.  The  scene  beam  must  be  incident  on  the  back  side  of 
the  ground  glass  diffuser  at  the  same  angle  that  the  reference  beam  is 

I 

incident  on  the  hologram.  This  Insures  that  all  scene-reference  ray 
components  travel  approximately  the  same  optical  path  length  from  the 
beam  splitter  to  the  hologram.  The  condition  for  equal  scene  and  refer¬ 
ence  beam  path  maxch  is  explained  in  Wuerker^^®^  ,  Mirrors  1  and  2, 
the  roof  prism,  are  mounted  on  an  adjustable  base  plate  which  has  a  screw 
drive.  The  screw  is  connected  to  a  ten-turn  potentiometer  dial  on  the 
side  of  the  holocamera.  This  arrangement  makes  it  possible  to  control 
the  scene  beam  path  length,  thereby  compensating  for  increases  in  the 
scene  beam  path,  perhaps  due  to  the  addition  of  thick  windows.  It  also 
makes  possible  the  exr.irimental  discoxery  and  verification  of  the  path 
match  condition. 

The  film  plane  is  located  so  that  its  normal  bisects  the  scene- 
reference  beam  included  angle.  The  4x5  inch  film  plate  is  oriented  such 
that  it  projects  a  nearly  square  format  in  the  direction  of  the  eucis  of 
the  queidruple  lens  set.  The  plane  of  the  hologram  plate  is  52-|-  degrees 
with  respect  to  the  direction  of  propagation  of  the  reference  beam. 

The  scene  volume,  the  region  between  the  lens  set  and  the  struc¬ 
ture  enclosing  the  film  holder,  will  accommodate  an  object  approximately 
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13  inches  in  dianeter.  Tctei  viewing  angle  of  the  reconstruction  is  $6 
degrees. 

The  holocaiaera  is  properly  operated  with  scene  sad  reference 
becuns  polarized  horizontelly  at  the  plans  of  the  jhatograpsiic  plate  when 
the  holocauacra  is  Standing  as  shown  in  Figinre  19  on  the  bottom  feet. 
Thus,  the  vibrating  electric  vector  of  the  two  beajas  at  the  plate  are 
horizontal.  This  gives  the  best  interference  of  the  combining  x*ays  at 
the  plauie  of  the  hologEUB,  iTor  horizontal  scene  and  reference  beans  at 
the  iiiotogj:ai^ic  plate,  the  tnixit  laser  bean  nust  be  polarized  so  that 
the  plane  of  vibration  of  the  0lectrf.c  vector  is  canted  at  15  degrees 
with  respect  to  the  vertical.  This  correct  orientation  is  shoKil  in 
Figure  I9  ,  This  seemingly  strange  cant  of  the  polarization  is  a  re¬ 
sult  of  the  choice  of  the  75  degree  scene-reference  beam  angle.  The 
beam  splitter  is  canted  at  15  degrees  along  with  mirrors  1 ,  2  and  3. 

The  holocamera  is  fitted  with  a  mechanical  focal  plane  shutter. 
Speed  is  apinroxlmately  60  milliseconds.  The  combination  of  shutter  and 
red  filters  protects  the  plate  from  overexposure.  The  mechanical  shutter 
is  wound  by  hand  and  can  be  released  e3,ther  manually  or  remotely  by  an 
electric  solenoid.  Releasing  the  shutter  trips  a  microswltch  which  fires 
the  laser  when  the  shutter  is  in  the  open  position.  Firing  the  laser  by 
the  shutter  is  accomplished  by  interconnecting  a  coaxial  cable  between 
the  connectors  on  the  holocamera  aiKi  laser  control  console. 

The  holocamera  normally  accommodates  horizontal  scenes.  However, 
it  can  be  placed  on  its  side,  in  which  case  vertical  scenes  can  be 
holographed. 
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c.  Holographic  Plates t  Tho  holograms  v^ere  recorded  on  Agfa 
Gevaert  Scientia  8S75  glass  plates.  The  plates  are  4"  x  5"  and  possess 
red-sensitized,  high  resolution  (capable  of  resolving  3000  liaes/aa) 
emulsion  on  one  side.  The  reason  for  selecting  the  8E75  plates  ms  ex¬ 
plained  in  the  previous  section. 

After  taking  the  hologram,  insuring  that  the  emulsion  side  of 
the  plate  was  facing  the  scone  s.t  the  time  of  recording,  the  plate  had 
to  be  developed  so  the  image  on  it  could  be  reconstructed  amd  viewed, 

A  darkroom  having  a  green  safelight  was  used,  since  the  plates  were  red- 
sensitized. 

The  develoisaent  procedure  was  as  follows  j 

a)  the  holographic  plate  was  placed  in  a  tray  containing  a 
solution  of  1  part  Kodak  HRP  developer  and  4  parts  water,  ideally  at 
68°F,  for  approximately  40  seconds,  or  until  the  plate  wais  50^  trans¬ 
parent  as  determined  by  looking  at  the  safelight  through  the  developing 
plate.  The  solution  may  be  agitated  by  tipping  the  plate  forward  and 
hack  to  aid  the  development  process.  The  development  process  was  then 
stopped } 

b)  stopping  was  accomplished  by  putting  the  plaie  in  a  photo¬ 
graphic  acetic  acid  stop  bath  for  one  minute j 

c)  the  plate  was  then  placed  in  the  hypo  (Kodak  Rapid  Fix)  for 
two  minutes j 

d)  next,  the  plate  was  rinsed  in  cool  running  water  for  at 
least  five  minutes;  and 

e)  finally,  the  plate  was  dipped  in  Photoflo  solution,  placed 
in  a  rack  and  hung  up  to  dry. 
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After  the  plate  was  dry»  it  was  ready  for  i^ge  reconstruction  and  | 

viewing, 

!•  Holograa  Beeording  Syetea  Ooeratiag  froesdtxres  The  liolocais^  ra  is 
first  oriented  relative  to  the  scene  of  which  a  hologras  is  to  Ixj  taken. 

The  ruby  laser  is  then  orienred  properly  to  the  holocaoera  such  ^hat 
the  output  collimating  lens  of  the  laser  feces  the  input  port  of  the 
holocamera.  The  tarotective  covers  frsa  the  various  lenses  are  than  re¬ 
moved,  Electrical  connections  are  made  to  all  the  components t  laser, 
holocamera,  capacitor  banks,  logic  control,  autocollimator,  alignment 
laser,  cooling  unit  and  oscilloscope.  After  the  electrical  connections 
were  made,  power  was  turned  on  to  eacli  component.  The  ruby  laser  and 
holocaunera  were  then  aligned  with  each  other.  This  was  accomplished 
with  a  Helium-Neon  (He-Ne)  alignment  laser.  The  holocamera  and  ruby 
laser  are  aligned  when  the  aljgnment  laser  beam,  v?hich  is  split  into 
scene  and  reference  beams  in  the  holocamera,  are  superimposed  at  the 
center  of  the  holographic  film  plate.  The  ruby  lase^-  internal  alignment 
was  accomplished  next.  This  is  done  when  the  red  dot  reflection  from 
the  99^  dielectric  reflector  is  superimposed  on  the  white  dot  reflection 
froy  th.'  sapphire  resonator  when  the  two  dots  are  viewed  In  the  eyepiece 
of  the  autocollii«ator.  These  dots  are  also  superimposed  on  the  He-Ne 
alignment  laser  reflection  in  the  autocollimator  eyepifeoe,  which  forces 
the  ruby  laser  beam  to  follow  the  alignment  laser  beam>  hence,  alignment 
of  the  ruby  laser  with  the  holocamera.  The  potentiometer  dial  on  the 
holocamera  is  then  set  for  the  proper  optical  pata  match.  Filters  are 
installed  in  the  scene  or  reference  beam  for  the  proper  intensity 

ratios  between  the  teams.  The  Kerr  cell  voltage  is  set,  the  film 
plate  holder  la  loaded  and  placed  in  the  holocamer'- ,  the  holocamera 
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shutter  is  cocked  and  the  slide  is  pulled  fros  the  fila  holder.  The 
capacitor  hsnxs  are  then  charged,  A  signal  is  obtained  when  both  banks, 
osc3,llator  and  asplSfier,  are  fully  charged.,  A  switch  on  the  min  con¬ 
sole  in  the  blockhouse  activates  the  solenoid  which  releases  the  hole- 
camera  shutter.  When  the  shutter  is  full  open,  a  micro-svitoh  is  trip¬ 
ped  which  fires  the  laser.  The  fila  holder  slide  is  then  returned  to 
its  closed  position  and  the  film  holder  retrieved  so  the  film  plate  Coui 
be  developed. 

The  holographic  system  and  test  system  operj.tions  were  coordi¬ 
nated  when  tests  were  conducted.  After  +>>a  day's  testing  was  completed, 
electrical  power  to  the  components  was  turned  off  and  the  lensef.-,  covers 
roinstzilled.  The  electrical  lines  were  not  disconnected  unless  the 
laser  and  holocaraera  were  to  be  moved  elsewhere, 

3«  Description  of  Experiments, 

The  high-speed  flow  field  experiments  consisted  of  injecting  various 
liquids  (water,  methyl  alcohol;  trichloroethylene , Pbreon  113  ^  water- 

phot  of  lo  solution)  normally  Into  a  Mach  3»  gaseous  nitrogen  stream 
through  different  sized  orifices  (.042,  .050,  .062  inches  in  diameter), 
which  could  be  flush-mounted  into  one  of  the  test  section  blocks  of  the 
wind  tunnel.  Liquid  injection  velocities  were  varied  from  190  to  450 
feet/second.  The  w.ind  tunnel  was  operated  over  a  total  pressure  range 
from  100  to  300  psi^,.  The  parameters  of  interest  were  liquid  type,  in¬ 
jection  velocity,  orifice  diameter,  and  wind  tunnel  total  pressure.  The 

penetration  trajectories  of  the  liquid  into  the  gas  stream  were  calcu- 

(21) 

lated  according  to  a  method  developed  by  Catton,  Hill  and  McRae'  , 

The  dynamic  pressures  of  the  liquid  and  the  supersonic  gas  stream  had  to 


be  balajioed  to  insure  that  the  liquid  would  penetrate  the  gas  stream, 
yet  not  impinge  on  the  opposite  side  of  the  ifind  tunnel  from  the  injec¬ 
tion  point,  Holograns  were  taken  during  each  test,  Figure  20  shows 
the  actual  orientation  of  the  laser  and  holocanera  relative  to  each 
other  and  the  wind  tunnel.  Typically,  the  flow  field  resulting  from 
injection  of  the  liquid  into  the  supe3:sonio  gas  stream  is  shown  in 
Figure  21,  The  liquid  jet  disturbs  the  gas  stream  and  a  bow  shock  wave 
results.  As  the  liquid  jet  penetrates  the  gas  stream,  it  is  aarody- 
namicslly  broken  up  and  spreads  laterally.  The  envelope  of  the  spray 
resembles  a  section  of  an  ellipeoidt  A  combustion  region  is  also  shoyn 
in  the  Figure,  This  would  be  appLleable  if  combustlbl®  liquids  were 
burned  in  an  air  stream j  however,  this  was  not  the  case  with  the  ex¬ 
periments  conducted  in  this  investigation. 

The  experiment  of  the  liquid  jet  injecting  into  still  air  was  ccn«> 
ducted  by  Lr,  R,  Wuerker,  TRW  Systems  Group,  Itb  corresponding  ho'^O" 
gram  was  given  to  the  Air  Force  Rocket  Propulsion  Ia.boratory  for  recon¬ 
struction  and  anailysis. 

Actual  test  conditions,  results  and  analyses  of  the  exaerl’-iionts  axe 
presented  and  discussed  in  Chapters  VI  auid  VII, 


Wind  Tunnel,  Ruby  Laser  and  Holocamera 
in  tes+  setup  orientation. 
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Figure  21,  Supersonic  Jet  Interaction  Flew  Field 


1.  Hologsan  IflformatioQ  Processor  (Primary  Hologra-phlc  Data  Retrieval 
Method) 

System  PeaerlTitiont  Hologram  reconstruction  and  data  retrieval 
is  aecoBflished  "by  a  system  called  the  Hologram  Information  *’^rocessor, 

A  schematic  of  the  system  is  shown  in  Figure  22  .  The  actual  system  is 

i 

shown  in  Figures  23  and  ^  .  The  system  consists  of  a  laser,  sjatial 

filter  and  diverging  lens  arrangement,  collimator,  hologram  support 
stage,  reticle  wheel,  magnification  lens  system,  TV  camera  and  set,  co-; 
ordinate  position  carriage,  magnetic  tape  deck  and  a  control  console. 

The  laser  is  used  to  simulate  the  recording  reference  beam  and  to  illu¬ 
minate  the  hologram,  thereby  making  the  real  image  of  the  scene  visible 
on  a  Itl  basis  so  the  data  can  be  retrieved.  The  TV  caunera  and  lenses 
mountsv’  on  the  scanning  carriage  allow  the  observer  to  view  the  magnified 
scene  on  a  TV  monitor  as  the  carriage  io  moved  through  the  scene  volume, 

A  detailed  description  of  the  system  operating  procedure  will  be  pre-  ' 
sented  in  a  subsequent  sectioi 

The  original  laser  for  the  system  was  a  Siemens  pulsed  ruby  laser 
(SLR  IPl),  It  was  a  quasicontinuous  wave  laser,  since  it  pulsed  at  60  Hz 
and  had  a  naximum  rated  mean  power  output  of  1  watt.  Operational  diffi¬ 
culties  with  this  laser  made  it  imperative  to  obtain  another  laser  so  data 
from  the  holograms  could  be  retrieved.  The  system  was  then  fitted  with  a 
Spectra  Physics  125A,  continuous  wave,  Helium-Neon  gas  laser,  80mw  mean 
power  output.  This  laser  facilitated  the  data  retrieval.  The  laser  has 

I 

.\ts  own  sjatlal  filter,  6  microns,  diverging  and  collimating  lenses.  The 
output  beam  can  be  collimated  to  a  50mm  diameter.  The  collimating  lens 
renders  the  diverging  beam  rays  parallel.  The  collimated  beam  illumi¬ 
nates  the  hologram  which  is  mounted  on  Its  support  stage.  The  hologram 
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Holograutn  Information  Processor  Components 
laser,  collimating  lens,  hologram  stage, 
T.V,  camera  and  moveahle  carriage. 


support  stage  is  a  Jodon  Model  PH-45A.  The  stage  has  6  degrees  of  free¬ 
dom  Hhich  alloHS  propel  hologram  orientation  relative  to  the  laser,  for 
maximum  brightness  and  resolution,  and  minimum  distortion  and  aberration 
of  the  image.  Once  the  hologram  and  laser  are  properly  oriented  to  each 
other,  they  must  be  arranged  such  that  their  optical  axis  passes  through 
the  center  of  the  imaging  lenses  and  TV  camera  mounted  on  the  scanning 
carriage. 

Mounted  on  the  spatial  coordinate  (scanning)  carriage  are  the 
TV  camera,  imaging  lenses  and  reticle  wheel.  This  arrangement  is  used  to 
scan  the  scene  volume  to  determine  the  droplet  size  and  position  coordi¬ 
nates,  The  glass  reticle  wheel  has  50  circles  idiotoetched  on  it,  on  a 
6-inch  diameter  bolt  circle.  These  represent  50  sizirg  intervals  ranging 
from  20  microns  to  1,000  in  20  micron  increments.  The  imaging  lens  ar¬ 
rangement  consists  of  two  Nikon  lenses  (50rnm,  f/l,4)  mounted  in  a  manner 
to  give  magnifications  of  4*1,  Itl,  amd  1 i4.  The  resolution  range  and 
field  of  view  for  each  magnification  are  respectively  10-1,000  microns, 

2.5  X  3,3mmj  20-1,000  microns,  10  x  13,2mraj  100-1,000  microns,  3.8  x  5.1cra, 
The  lenses  are  placed  between  the  TV  camera  cuid  reticle  wheel  such  that 
they  focus  on  the  reticle  wheel.  The  TV  camera  a  Telemation  TMC-2100, 
The  carriage  cam  move  -  6,000  inches  in  each  direction  (x,y,z)  or  a  total 
of  12  Inches  in  any  one  direction  depending  on  where  the  origin  is  placed. 
The  carriage  is  moved  by  drive  motors  whose  switches  arc  mounted  on  the 
control  console.  Encoders  placed  along  side  the  carriage  provide  posi¬ 
tion  accuracy  of  0,0005  inches. 

The  TV  camera  and  monitor  (23-inch,  Conrac  RVB)  comprise  a  closed 
circuit  video  system  which  is  used  to  display  the  reconstructed  scene 
volume,  .  The  syetera  has  the  standard  525  scan  line  raster  with  resolution 
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the  lean  direction  of  %0  T7  lines  at  the  tester  of  the  field. 

The  droplet  data  which  consiste  of  sise  and  poeltioa  coordinates 
is  recorded  on  a  Kennedy  increaental  na^ertic  tape  recorder,  Model  160C. 

The  control  console  contair.s  the  sidtches  which  reset  the  systea 
acd  o^fcrate  the  ecannim;  carriage  a-nd  reticle  wheel.  A  foot  switch  is 
joro'/ided  to  inpat  tne  droplet  size  aind  statial  coordinate  lata  on  the 
maipietic  tape.  The  console  displays  thO  position  coordinates  az3d  nunber 
count  in  each  drop  size  Interval  on  Nixie  tubes.  The  aeaory  systes  which 
provUes  the  nunber  count  storage  is  a  United  Telecontrol  Electric  Model 
5030.  The  reset  switch  clears  the  neaory  core  auid  establishes  the  zero 
reference  for  the  spatial  coordinates  by  moving  the  carriage  to  the  de¬ 
sired  point  prior  to  aspressing  the  reset  button,  A  lock-on  feature  was 
provided  which  restricts  the  scanning  area  in  the  transverse  and  vertical 
d'.reotions.  With  this,  the  operator  can  subsection  the  hologram  for 
ocann'ng  in  a  systematic  manner. 

Although  the  systen  is  oriented,  to  retrieve  holographic  droplet 
•lata,  it  can  also  be  used  to  retrieve  other  holographic  data, 

b.  Operating  Procedure »  After  all  the  electrical  connections  to  the 
various  components  were  nade,  the  mastijr  switch  on  the  control  console 
was  turned  on.  This  turned  on  the  TV  set  euid  camera  auid  magnetic  tape 
recorder  and  rendered  the  scanning  carriage  and  sizing  reticle  wheel 
operable.  The  laser  was  then  turned  on  ajid  its  beam  diverged  and  colli¬ 
mated  according  to  the  procedures  in  its  operating  manual.  The  hologram 
was  mounted  In  its  support  stage  .and  oriented  relative  to  the  laser  and 
imaging  lenses  as  described  above.  The  lenses  and  TV  camera  were  aligned 
such  that  they  focused  on  the  reticle  wheel.  The  operator  set  the  de¬ 
sired  imaging  lens  magnifif^ation  and  moved  the  carriage  to  the  desired 
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reference  point  by  operating  the  sHltches  on  the  console.  The  reset  but¬ 
ton  vras  then  depressed  and  the  systea  was  ready  to  retrieve  data. 

The  carriage  was  moved  in  the  x,y,z  positions  until  a  droplet 
in  the  scene  volume  came  into  focus  at  the  center  of  the  TV  screen.  The 
dro^et  was  sized  by  rotating  the  reticle  wheel  f  via  a  console  switch  t 
until  one  of  the  50  circles  on  the  wheel  best  circumscribed  the  droplet, 

A  foot  pedal  switch  was  then  depressed  and  the  spatial  coordinates  and 
size  interval  which  appear  on  the  console  Nixie  tubes  were  recorded  on 
the  magnetic  tape.  The  operator  proceeded  in  this  manner  until  all  or 
a  statistically  sufficient  number  of  droplets  in  the  scene  volume  were 
recorded. 

After  the  droplet  data  was  recorded  on  the  magnetic  tape,,  the 
tape  was  then  processed  through  a  system  of  computer  programs  to  obtain 
the  various  mean  droplet  diameters,  spatial  mass  distribution  and  other 
information  of  interest. 


2,  Alternative  Holographic  Data  Retrieval  Method 

a.  System  Description;  The  Hologram  Information  Processor  was  a 
new  system  and  operational  difficulties  were  encountered  with  it.  After 
the  laser  problem  was  resolved,  electronic  problems  developed.  At  one 
time  or  another  all  the  components  functioned  properly,  tut  all  did  not 
work  at  the  same  time.  In  order  to  retrieve  the  holographic  data,  an 
alternative  method  was  devised. 

At  the  time  the  alternative  method  was  devised,  all  parts  of  the 
Processor  sysrera  were  functioning  properly  with  the  exception  of  the 
sizing  reticle  wheel.  The  altematl/e  method  uses  part  of  the  Processor 
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system  as  shown  in  the  upper  part  of  the  schematic  in  Figure  25  • 
place  of  the  TV  camera,  a  lens  (58111a,  f/l.5)  and  35®®  camera  were  installed 
on  the  scanning  carriage.  The  lers  used  in  conjunction  with  the 
1*1  lens  arrangement  for  the  Processor,  The  new  lens  was  placed  between 
the  imaging  lenses  and  35®®  camera  and  magnified  the  scene  1,6X  at  the 
film  plane.  The  lens  system  was  still  focused  on  the  reticle  wheel  and 
gave  a  very  narrow  depth  of  field,  300  microns.  This  allowed  ifiioto- 
graphs  to  be  taken  at  discrete  planes  in  the  scene  volume  as  the  car¬ 
riage  ms  moved.  Each  frame  represented  one  of  the  spatial  coordinates, 
while  the  other  two  coordinates  were  on  a  given  frame. 

In  addition  to  using  the  Processor  and  35®®  camera  to  produce 
photographs  through  the  scene  volume,  the  sdtematlve  method  used  a 
film  reading  system,  schematically  shown  in  the  lower  part  of  Figure  25* 
If'egatives  of  the  frames  obtained  from  developing  the  film  roll  were 
mounted  on  a  Telereadex  film  reading  machine,  Model  29A,  The  machine 
can  magnify  the  negatives  5X,  lOX,  20X  and  50X,  The  film  can  be  Indexed 
forward  or  backmrd,  frame  by  frame,  and  at  variable  sneeds.  The  film 
is  imaged  on  a  board  with  moveable  crosshairs.  The  moveable  crosshairs 
allow  a  two-coordinate  "fix”  cn  a  droplet  in  a  given  frame.  Hence,  the 
spatial  coordinates  of  a  droplet  can  be  obtained  from  a  given  reference 
point.  The  reference  point  is  established  by  setting  the  crosshairs 
where  desired  and  then  depressing  a  reset  button.  As  the  crosshairs  are 
moved,  counts  are  observed  on  the  Hixie  tubes  of  the  Telecordex  Analog- 
digital  converter.  This  is  similar  to  the  Processor  positional  coordinate 
system,  but  different  in  that  the  Processor  reads  out  aictuail  coordinates, 
to  the  nearest  .001  inch,  wither  than  counts.  The  counts  need  to  be  con¬ 
verted  to  actual  coordinates.  Additional  information,  such  as  droplet 
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Figure  25.  ALTERNATE  HOLOGRAPHIC  DATA  RETRIEVAL  METHOD 


size,  cam  be  punched  on  the  12-digit  keyboard  (Type  56b)  of  the  film 
reader.  When  a  foot  pedal  is  depressed,  information  on  the  keyboard  and 
on  the  A-D  converter  Nixie  tubes  is  punched  on  computer  cards  loaded  in 
an  IBM  523  Summary  Punch,  Figure  26  shows  the  actual  fiDja  reauiing  sys¬ 
tem, 

b.  Operating  Procedure?  The  operating  procedure  for  the  Processor 
was  the  same  as  was  described  above  with  the  exception  of  statements  re¬ 
lating  to  the  TV  camera  and  reticle  wheel.  After  lens  system  and  camera 
(35mm)  alignment  were  accomplished,  the  camera  was  loaded  with  GAP  black 
and  white,  125ASA  film.  The  scanning  carriage  was  moved  through  tlie 
scene  volume  and  photograjAis  were  taken  at  depth  increments  of  ,050 
inches  through  the  liquid  jet.  Exposure  time  for  each  jdiotograph  was 
one  second.  Care  was  taken  to  collate  the  film  frame  with  the  depth 
positional  coordinate  for  data  reduction  purposes.  The  film  roll  was 
then  developed  using  microdol  X  developer  and  Kodak  fixer  to  obtain  the 
negatives.  The  film  roll  was  then  mounted  on  the  film  reading  machine. 
The  20X  magnification  lens  (105mm,  f/3.7)  was  used,  since  this  gave  the 
best  iiflage  on  the  viewing  board.  Actual  magnification  was  32X,  A  cali¬ 
bration  scale  was  used  to  determine  the  number  of  counts  per  inch  as  the 
crosshairs  were  moved.  The  reference  point  was  selected  at  the  base  of 
the  image  for  one  coordinate  and  at  the  center  of  the  jet  for  the  second 
coordinate.  The  third  spatial  coordinate  was  represented  by  the  frame, 
and  this  information  was  input  directly  to  the  A-D  converter.  As  the 
frame  was  changed,  so  was  the  corresponding  information.  After  estab¬ 
lishing  the  reference  point  for  a  given  frame,  data  then  could  be  re¬ 
trieved,  Droplet  sizing  was  accomplished  by  taking  the  difference  be¬ 
tween  the  counts  given  by  one  of  the  crosshairs  as  it  was  placed  on  each 
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side  of  the  droplet.  This  nuabsr  vas  then  punched  on  the  film  reader  key*- 
board,  the  crosslairs  were  then  centered  on  the  particular  droplet  and 
when  the  foot  pedal  switch  was  depressed,  drop  size  and  spatial  coordi¬ 
nates  were  punched  on  a  computer  card.  The  procedure  was  continued  drop 
by  drop  and  frame  by  frame  until  all  the  data  was  retrieved.  The  cards 
were  then  input  to  the  system  of  computer  programs,  to  bt  described  in 
the  next  chapter,  for  data  reduction. 
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CHAPTER  V 

analytical  method  pop  reducing  holographic  droplet  data 
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1,  Description  of  System  of  Coapater  ProScans 


After  retrieving  the  droplet  data  fPora  the  holograms,  by  either  the 
primary  or  alternative  retrieval  method,  the  data  has  to  he  reduced, 
analyzed  and  presented  in  a  meaningful  manner,  A  method  for  reducing 
the  droplet  data,  drop  size  and  corresponding  spatial  coordinates,  was 
developed  as  part  of  this  investigation.  The  manner  in  which  the  drop¬ 
let  data  was  operated  on  is  described  below,  A  system  of  computer  pro¬ 
grams  was  used  to  handle  the  droplet  data,  A  schematic  diagram  of  how 
these  programs  ware  combined  to  reduce  eind  analyze  the  droplet  data  is 
showr.  in  Figure  27,  The  programs  were  written  for  use  on  the  IBM  7040 
computer,  since  this  was  the  type  of  computer  available  at  the  Air  Force 
Rocket  Propulsion  Laboratory,  where  the  Investigation  was  conducted,  A 
dascription  of  each  program  is  presented  below, 

a,  PR-470  Holograph  Tape  Unrack  Programt  This  program  performs 
the  preliminary  processing  on  the  digital  information,  droplet  size  and 
positional  coordinates  (x,y,z)  on  the  magnetic  tape.  The  objective  of 
this  program  was  to  provide  a  FORTRAN  compatible  meignetic  tape  for  sub¬ 
sequent  processing  of  the  data.  The  program  provides  the  opportunity  to 
view  the  raw  data,  if  desired,  before  Jt  is  processed.  The  program  con" 
sists  of  a  FORTRAN  main  with  one  FORTRAN  subroutine  and  three  MAP  sub¬ 
routines,  Also,  the  program  has  the  facility  to  process  a  variable  num¬ 
ber  of  input  tr  as.  This  program  is  used  only  when  the  primary  hologra¬ 
phic  data  retrieval  method  is  used.  The  output  from  the  alternative  re¬ 
trieval  method  is  on  punched  cards;  hence,  the  PR-470  program  is  by-passed, 

b.  PR-471,  $IBSRT  Edit-Sort  Program;  The  PR -471  program,  along  with 
the  standard  IBM  $IBSRT  program,  begin  the  operation  on  the  raw  data. 
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Figure  27.  Sjrstem  of  Computer  Programs  for  Droplet  Data  Analysis 


These  programs  perforin  a  multitude  of  functions: 

1)  Organize  and  sort  the  random  droplet  dataj 

2)  EliiP'Snate  redundant  droplets j 

3)  Determine  the  minimum  and  maximum  positional  coordinates 

.  for  the  volume  occupied  by  the  unique  droplfets; 

4)  Determine  the  number  of  droplets  in  each  class  slzej 

5)  Set  up  the  graph  slice  for  the  drop  size-positicnal 
coordinate  plots  j 

I 

6)  Sub-volume  the  total  volume  occupied  by  the  unique  drop- 

'  lets}  auid 

?)  Determine  the  number  and  class  size  of  the  droplets  in 
each  sub-volume, 

Daslcally,  the  data  reduction  process  deals  with  two  problems}  l)  that 
concerned  with  droplet  position  coordinates,  and  2)  that  concerned  with 
tho  droplet  sizes  and  their  frequency  of  occurrence, 

t 

The  first  step  in  the  operation  was  to  order  the  random  data. 

This  was  accomplished  by  the  system  library  pfogfam,  $IBSRT,  Ordering 
was  done  bn  one  of  the  position  coordinates,  preferably  the  one  on  which 
the  graph  slice  was  to  be  taken.  The  coordinate  on  which  the  ordering 
was  performed  was  printed  out  raonotonically  increasing,  while  its  cor¬ 
responding  other  two  coordinates  and  droplet  size  were  printed  out  in  an 

I 

unpattemed  manner.  '  Ordering  can  be  done  on  ajiy  one  of  the  coordinates 
or  on  droplet  size.  The  ordering  sets  up  the  editing  process  by  which 
the  droplets  are  scrutinized  to  determine  if  they  are  unique  or  redundant. 
Editing  of  a  droplet  to  determine  if  it  is  unique}  that  is,  a 
given  droplet  has  not  been  counted  more  than  once,  was  accomplished  by 
applying  a  tolerance  band  to  each  of  Its  position  coordinates.  The 
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tole3»nce  bands  on  the  coordinates  axe  input  items  and  can  be  varied  as 
desired.  The  theory  behind  determining  uniqueness  by  interrogating  the 
positional  coordinates  is  based  on  the  fact  that  no  more  than  one  droi>- 
let  can  occupy  the  same  position  at  a  given  time.  The  tolerance  band 
applied  to  the  spatial  coordinates  is  an  indication  of  how  closely  a 
reader  of  the  hologram  volume  can  focus  on  a  droidet  at  its  true  position. 
Each  droplet  may  undergo  two  editing  C3rcles  to  determine  if  it  is 
unique.  The  first  edit  Interrogates  the  droplet  data  on  the  ordered 
coordinate.  Those  droplets  which  have  the  sane  ordered  coordinate  are 
subjected  to  a  second  interrogation  on  the  other  two  coordinates.  The 
editing  process  for  determining  uniqueness  is  biased  by  the  first  droplet 
of  the  set  which  has  the  same  ordered  coordinate.  The  two-edit  method 
speeds  up  the  scrutinizing  process,  since  those  droplets  which  passed 
the  uniqueness  test  on  the  first  edit  are  not  interrogated  during  the 
second  edit.  The  unique  and  redundant  droplets  are  separated  into  two 
groups,  the  total  of  which  must  agree  with  the  total  droplet  population. 
Subsequent  droplet  prixjessing  then  is  confined  to  the  unique  droplets. 

The  PR-471  program  next  determines  the  minimum  and  maximum  drop 
size  classes  and  positional  coordinates  for  the  volume  occupied  by  the 
unique  droplets.  Each  minimum  and  raximum  positional  coordinate  does 
not  necessarily  belong  to  the  same  droplet. 

The  number  of  droplets  in  each  class  size  is  the  next  block  of 
information  output.  This  is  frequency  distribution  information.  Each 
class  size  number  represents  a  droplet  size  Interval.,  For  example* 
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Class  No, 


1 

2 


Droplet  Size  (Microns) 
Hln.  Max. 

0  20 

20  40 


The  size  interval  used  in  this  investigation  was  nominally  20  microns, 
since  this  was  the  expected  resolution  capability  of  the  holographic  re¬ 
cording  system,  and  the  circles  on  the  Processor  reticle  wheel  were  sized 
accordingly. 

Next,  the  program  prepeired  the  data  to  be  used  in  the  positional 
coordinate-droplet  size  plots.  This  is  referred  to  as  gra^ii  slice  and 
can  be  performed  on  any  one  of  the  three  positional  coordinates,  A 
spatial  band  width  was  applied  to  one  of  the  positional  coordinates,  pre¬ 
ferably  to  the  ordered  coordinate,  since  this  facilitates  operating  on 
the  data.  The  droplet  data  contained  within  the  graph  slice  band,  which 
is  now  assumed  to  be  infinitely  thin,  is  treated  as  two-dimensioj<al  data. 
Graphs  plotting  the  other  two  coordinates  as  dependent  and  independent 
variables  with  drop  size  as  the  parameter  can  now  be  made  using  the 
PR-472  progrsm.  Coordinate  slicing  auid  the  resulting  plot  are  pictori- 
ally  illustrated  i.i  Figure  28, 

In  order  to  organize  the  unique  droplets  so  that  one  may  analyze 
droplet  distribution,  areas  of  droplet  concentration  and  trends  of  drop 
size  and  position,  a  method  of  subvolume  griding  was  devised.  The  total 
volume  occupied  by  the  unique  droplets,  as  determined  by  the  minimum  and 
maximum  positional  coordinates  previously  identified ,  is  subsectioned 
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28.  DROPLET  CLASS  SIZE-POSITIONAL  PLOT 


into  a  nuiaber  of  smaller  volumes.  If  the  number  of  grids  in  eauih  coor¬ 
dinate  is  not  specified,  the  program  uses  a  default  of  2  on  the  ordered 
coordinate  (sometimes  referred  to  ais  the  pure  variable) ,  5  and  4  on  the 
indei>sndent  and  dependent  variables,  respectively.  This  gives  40  sub¬ 
volumes,  The  number  of  grids  along  each  axis  is  limited  by  the  input 
format  to  99  or  a  maximum  number  of  subvolumes  of  970 ,299*  The  program 
determines  the  number  of  droplets  of  each  class  size  in  each  subvolume 
so  that  mass  distribution  can  be  calculated.  The  frequency  distribution 
in  each  subvolume  is  output, 

PR -471  has  a  number  of  options.  One  can  elect  whether  or  not 
to  edit  the  data,  prepare  for  a  graph  slice  plot  or  subvolume  the  data. 
Another  feature  is  that  the  total  volume  occupied  by  the  unique  droplets 
can  be  reduced,  by  so  specifying  the  coordinates,  and  then  perform  the 
other  operations  on  the  reduced  volume  as  if  it  were  the  total  volume, 
c,  PR -472  Plot  Program t  This  program  is  used  to  plot  droplet  posi¬ 
tional  data  or  droplet  diameter  distributions.  That  is,  the  program  can 
supply  two  types  of  plots  Ir  obtain  a  visual  representation  of  the  drop¬ 
let  positional  data  and  the  distribution  function  data  for  the  droplet 
diameters.  The  plots  are  made  with  a  CalComp  Plotter,  The  positional 
data  to  be  plotted  Is  obtained  from  PR -471,  while  the  distribution  func¬ 
tion  data  is  provided  by  the  HM-203  program,  which  will  be  discussed  be¬ 
low. 

The  pwsitional  data  is  plot'oed  using  two  coordinates  for  a  given 
drop  size  as  shown  in  Figure  28 ,  Up  to  5  droplet  class  sizes  can  be 
plotted  on  each  graph,  with  any  number  of  droplets  in  each  class  size. 

As  many  graphs  as  desired  can  be  made  for  a  given  set  of  data.  The  posi¬ 
tional  plots  enable  one  to  observe  if  the  droplets  are  segregating 
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spatially  according  to  siae,  such  that  contour  lines  can  be  drawn. 

The  data  obtained  from  the  HH-203  program  is  freq.uency  informa¬ 
tion  involving  only  the  droplet  diameters.  The  ordinate  for  the-  distri- 
outlon  plots  can  be  any  of  these  fours  cumulative  volume  fraction* 
volume  fraction  derivative,  droplet  number  (for  frequency  distribution) 
or  number  fraction  derivative.  The  abscissa  is  droplet  diameter.  The 
raw  droplet  data  along  with  the  four  distribution  functions  (Log  -Pro¬ 
bability,  Upper-Limit,  NukiyamaVTanasawa  and  General  Exponential)  used  to 
model  the  data  are  plotted  on  a  given  graph.  That  is,  one  curve  will  be 
the  observed  distribution  of  the  droplet  data  versus  diameter  2ind  the 
other  four  curves  will  be  the  pa-edicted  distributions  from  the  various 
models  versus  diameter. 

The  program  is  designed  to  process  data  sorted  in  aiscending  order. 
The  values  must  be  sorted  as  follows t  Each  in  ascending  order,  indepen¬ 
dent  variable  first,  dependent  vairiable  second  and  class  size  or  distri¬ 
bution  function  number  third.  Symbol  or  line  plots  can  be  made.  Along 
with  the  main  program  are  15  subroutines,  9  of  which  are  needed  in  the 
subfe/ttal  deck,  since  the  others  are  part  of  the  computer  system, 

d.  Hl-473  Drop  Size  Tape  Program »  This  prograi  provides  the  input 
data,  in  the  form  of  number  of  droplets  in  each  class  size,  for  the 
PR -429  program.  The  sorted  (ordered)  unique  droplet  data,  size  and  po¬ 
sitional  coordinates,  is  accepted  from  the  $IBSRT  and  PR -471  programs. 

The  positional  coordinate  data  is  eliminated  and  number  count  for  each 
class  size,  up  to  48  classes,  is  retained.  Any  number  of  droplets  can 
be  read  into  any  of  the  48  classes.  This  frequency  distribution  data  is 
output  on  a  magnetic  tape  which  is  then  available  for  future  use. 


e,  Hl-429  S-pray  Analysis  Frograai  This  program  calculates  the 
various  mean  droplet  diameters  used  in  characterizing  sprays  and  in 
correlating  with  the  piiysical  and  fluid  jarameters.  These  diameters 
are  average  diameter  (Dj^Q)  >  surface  mean  (l>20^  *  ^^30^  ® 

Sauter  mean  ®®^  median  (the  diameter  a^^ove 

or  heloH  which  50^  of  the  spray  mass  lies).  The  general  equation  used 
in  calculating  the  diameters,  with  the  exception  of  the  mass  median 
diameter,  is 

IjM  .  Z  ■‘iV  (23) 

2 -A’ 

whore  n^^  «  number  count  la  each  class  size  interval 
»  mid-diameter  in  each  size  interval 
The  class  size  number  (1  through  ^8  in  ascending  order),  the  correspon¬ 
ding  minimum,  mid  and  maxlraum  droidet  diameters  for  each  class  size  and 
the  number  of  droplets  in  each  class  size  are  output.  Other  distribu¬ 
tion  data,  drop].et  number  fraction  below  a  given  claas  size,  volume 
fraction  and  cumulative  volume  fraction  are  also  output. 

Two  distribution  functions ^  Log-Probability  and  Upper-Limit,  are 
calculated  using  a  linear  regression  amalysls.  The  linear  regression 
analysis  appr<»ch  to  modeling  the  data  ifas  found  to  be  inadequate.  How¬ 
ever,  the  correlation  coefficients  which  the  program  calculates  for  the 
two  distribution  functions  axe  used  as  initial  estimates  Icr  the  non¬ 
linear  regression  analysis  approach,  which  was  adopted  and  will  be  dis¬ 
cussed  below.  In  addition  to  the  correlation  coefficients,  the  program 
als?>  outputs  D^q,  and  the  observed  and  predicted  volume  fraction  de¬ 
rivative  and  cumulative  volume  fraction  for  each  distribution  function. 
This  information,  though,  is  no  longer  used. 
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The  total  progiiaa  consists  oif  a  main  and  six  FOSTRAH  sulirou- 
tines,  Tht  progran  can  accept  either  taps  fres  PR-473 »  or  ptmched 
card  input.  Two  tapes  are  output  "by  this  program  one  which  contains 
the  droplet  count,  aid-diaaster  and  interval  width  for  each  class  size 
to  be  used  as  input  to  the  MM-203  Nonlinear  Regression  Analysis  Pro- 
gzaa,  and  one  which  contains  aid-diaseter,  volume  fraction  derivative 
for  each  class  size  asad  tie  distribution  function  nuaber  (for  identi¬ 
fication)  to  be  used  as  input  to  the  PR-472  Plot  Prograa. 

f .  MH-203  Nonlinear  Regression  Anetlysis  PrograBt  This  program  is 
used  to  model  the  data  obtained  fro*  PR-429  with  various,  selected  dis¬ 
tribution  functions.  The  nodellng  is  accMiplished  by  estimating  the 
correlation  coefficients  of  the  models,  A  nonlinear  regression  ana¬ 
lysis  method  developed  by  Marquardt^^^^  is  used  to  iteratively  obtain 
the  least  squares  estimates  for  the  coefficients.  Initial  estimates 
are  required  for  the  coefficients. 

Any  number  of  models  may  be  used,  and  operations  on  them  can  be 
performed  sequentially.  Pour  distribution  functions  were  selected  to 
model  the  data  from  this  investigation j  Log-Probability,  Upper-Limit, 
NukiyaB^-Temasawa  and  General  Exponential,  Two  types  of  models,  1) 
volume  derivative,  and  2)  cumulative  volume  were  used  for  each  distri¬ 
bution  function.  Hence,  each  data  set  could  be  compared  with  as  many 
as  8  models.  The  equations  for  all  the  models  are  presented  in  Appen¬ 
dix  II  according  to  their  distribution  functions.  Included  in  each 
set  are  the  eqxiations  for  volume  derivative,  cumulative  volume  (which 
is  the  integral  of  the  previous  eqmtion),  and  as  obtained  for 
each  distribution  fimction  and  the  partial  derivative  for  each  model 
T/ith  respect  to  its  coefficients. 
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The  HM-203  program  not  only  mod^e  the  data  and  provides  sta¬ 
tistical  irformaticm  concerning  the  curve  fits  ss  prixxted  out|ntf  hot 
also  produces  output  tapes  for  use  in  the  PH-4?2  plot  progra*.  Those 
tapes  contain  droplet  size  interval  Bid<<iiaB6ter  and  observed  and  pre¬ 
dicted  voluse  fraction  derivatives «  and  Interval  saxlBga  dlii^eter  and 
observed  and  predicted  cuBsulattve  volume  fractions  for  each  distribu¬ 
tion. 

The  total  program  consists  of  a  F081MN  main  program  irith 
thirteen  FORTRAN  subroutines  and  one  MAP  subroutine.  The  iiser  must 
supply  nine  of  the  subroutines  for  each  model  t  volume  derivative  and 
cumulative  volume.  The  other  subrout-lmes  are  system-sup]^ied.  The 
logic  for  each  model  is  the  same.  This  program  is  a  very  strong  tool 
for  analyzing  the  droplet  data.  It  has  the  capability  of  modeling 
the  data  with  any  number  of  (ncpreasions  and  provides  the  user  with 
statistical  infonaation  (F-ratio,  per  cent  variation  explained,  calcu¬ 
lated  t-statistlcs ,  residuals  and  percentage  of  points  exceeding  1, 

2  or  3  sigma)  so  he  can  assess  the  relative  merits  of  each  model. 
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GHAPTEB  VI 


EXPERIMEOTAL  RESULTS 


1,  Liquid  Inflection  Into  a  SuT)ersonlc  Stream 

As  mentioned  earlier,  various  liquids  vere  injected  perpendicularly 
through  different  orifices  into  a  Mach  3  gaseous  nitrogen  stream. 

Liquid  jet  breakup  data  was  sought t  droplet  size  and  distribution,  jet 
wavelength  and  euaplitude  change.  Droplet  data  was  not  retrievable  in  the 
high  Mach  number  gas  stream  with  the  holographic  recording  equipment 
used.  Tie  reasons  for  this  will  be  explained  in  the  next  chapter.  The 
gas  stream  conditions,  liquid  type,  liquid  Injection  conditions  amd  cer¬ 
tain  calculated  parameters  of  interest  are  tabulated  in  Table  VIII,  The 
equations  used  to  calculate  the  various  parameters  are  presented  in 
Appendix  III.  The  physical  properties  of  the  injectants  are  presented 
in  Table  IX.  These  properties  were  obtained  from  Strobridge^^®^ ,  Inter¬ 
national  Critical  Tables^^^^  eind  du  Pont  Technical  Bulloiins^^^\ 

Jet  amplitude  and  wavelength  data  were  obtained  from  the  holograms. 
This  was  accomplished  by  taking  photographs  of  the  flow  fields  which 
were  observed  when  the  holograms  were  reconstructed,  Th^se  jrfiotographa 
are  presented  in  Figures  29  to  41  ,  One  inch  measured  »  0,7?  inches 
actual  for  all  photographs.  The  photographs  were  enlarged  to  8  x  10 
Inches  to  facilitate  retrif  v«l  of  the  amplitude  amd  wavelength  informa¬ 
tion,  Accuracy  of  measurement  was  also  improved  with  photo  enlargement. 
The  manner  in  which  the  measuiements  were  taken  is  shown  in  Figure  42, 
The  Figure  shows  the  jot  as  a  straight  line  for  explanation  purposes. 
Actually  the  measurements  were  made  along  the  natural  curvature  of  the 
jet  trajectory.  The  measurement  procedure  was  as  follows* 

1)  a  line  was  drawn  from  the  injection  point  outward  along  the 
jet  trajectory  such  that  the  wave  troughs  wore  connected  by  this  linej 

2)  a  line  was  drawn  through  the  crest  of  eatch  wave  and 


12$ 


TmjE  Vlllat  LIQUID  lEiagTlON  INTO  A  SUPTOSONIC  STREAM 
LIQUID  PARAMETERS 


TEST 

NO. 

LIQUID 

TYPE 

ORIF. 

SIZE 

(IN.) 

DIS¬ 

CHARGE 

COEPP. 

C,^D 
d  0 

INJ. 

PRESS, 

(PSIG) 

INJ. 

m. 

(PPS) 

LIQ. 

FLOW 

(LB/ 

SEC) 

Be, 

'?i¥o 

H'l 

DR-2 

¥ 

.050 

.785 

,044 

980 

300 

.275 

137,830 

DR-3 

¥ 

.050 

.785 

.044 

980 

300 

.274 

177,739 

DH-4 

¥ 

.050 

.785 

.044 

967 

300 

.275 

155,240 

DR-5 

¥ 

.050 

.785 

.044 

489 

215 

.198 

114,521 

DR-8 

¥ 

.050 

.785 

.044 

1450 

365 

.333 

210,955 

DR-10 

¥ 

.042 

.685 

.035 

1510 

319 

.191 

121,466 

DR-11 

¥ 

.042 

.685 

.035 

1472 

318 

.190 

121,598 

DR-12 

¥ 

.0!f2 

.685 

.035 

1426 

313 

.188 

118,198 

DR-13 

¥ 

.062 

.719 

.053 

1166 

299 

.396 

190,024 

dr-14 

H«0 

.062 

.719 

.053 

1135 

298 

.393 

220,051 

DR-15 

¥ 

.062 

.719 

.053 

1212 

307 

.406 

226,183 

DR-17 

¥ 

.062 

.719 

.053 

567 

209 

.277 

130,811 

DR-1^ 

¥ 

.042 

.685 

.035 

1482 

330 

.197 

146,250 

DR-20 

HgO 

.042 

.685 

.035 

735 

233 

.139 

102,369 

DR-22 

H20 

.042 

.685 

.035 

747 

237 

.142 

105,896 

DR-23 

TRICK 

.050 

.845 

.046 

506 

194 

.238 

2,117 

dr-24 

TRICK 

.050 

.845 

.046 

739 

232 

.284 

2,507 

DR-25 

TRICK 

,050 

.845 

,046 

1476 

326 

.398 

3,600 

dr-26 

TRICK 

.050 

.845 

.046 

735 

232 

,284 

2,552 

DR-2? 

FREON  113 

.050 

.83 

.046 

1473 

310 

.415 

311,774 

dr-28 

FREON  11;' 

.050 

.83 

.046 

978 

254 

.337 

250,093 

DR-29 

METHANOL 

.050 

.85 

.046 

1433 

445 

.297 

272,429 

DR-30 

METHANOL 

.050 

.85 

.046 

367 

364 

.242 

227,440 

DR-31 

H2O/ 

.050 

.84 

.046 

959 

324 

.276 

149,050 

DR-32 

gngjioFLo* 

.050 

.84 

.046 

1447 

398 

.339 

182,819 

PHOTOPLO 


^HgO/Photof 3 ratio  20j1  by  volime. 


TABLE  Ylllbt  LIQUID  INJECTION  IHTO  A  SDPatSONIC  3TRSAK 

GAS  PARAHBPB^S 


TEST 

NO. 

TOTAL  STAT. 
PRESS.  PRESS. 
(PSIA)  (PSIA) 

TOTAL 

TpP, 

STAT. 

T^. 

m 

MACH 
&  NO. 

GAS 

VEL. 

(PPS) 

GAS 

PLOW 

(LB/ 

SB3C) 

We. 

0  V 

cr 

DR-2 

216 

5.95 

504 

171 

1.431  3.01 

1982 

10.77 

9,587 

DR-3 

126 

3A? 

515 

179 

1,417  3.00 

2012 

6.18 

DR-4 

305 

8.36 

509 

169 

1.443  3.02 

1982 

15.1 

13,973 

DR-5 

103 

3.00 

511 

179 

1.417  2.99 

2006 

5.3 

4,835 

DR-8 

128 

3.53 

520 

181 

1.416  3.00 

2022 

6,23 

5,740 

DR-10 

121 

3.33 

505 

176 

1.417  3.00 

1992 

5.97 

4,371 

DR-11 

230 

6.32 

508 

171 

1.433  3.01 

1986 

11.4 

8,451 

DR-i2 

254 

6.97 

518 

174 

1.435  3.01 

2005 

12.5 

9,347 

DR-i3 

119 

3.28 

519 

181 

1.416  3.00 

2021 

5.8 

6,425 

DR-14 

212 

5.84 

513 

174 

1.430  3.01 

1998 

10,5 

11,578 

DR-15 

309 

8.48 

523 

174 

1.^2  3.02 

2010 

15.1 

17,072 

DR-17 

120 

3.31 

516 

180 

1.416  3.00 

2015 

5.9 

6,436 

DR-19 

ill 

3.08 

526 

184 

1.414  3.00 

2035 

5.4 

4,018 

DR-20 

126 

3.49 

502 

174 

1.418  3.00 

1985 

6.25 

4,576 

DR-22 

312 

8.57 

515 

170 

1.443  3.02 

1993 

15.4 

11,588 

DH-23 

119 

3.31 

508 

177 

1,417  3.00 

1998 

5.9 

13,295 

dr-24 

123 

3.43 

485 

168 

1.420  3.00 

1947 

6.2 

13,671 

DR-25 

111 

3.10 

527 

185 

1.414  2.99 

2035 

5.4 

12,384 

dr-26 

118 

3.30 

526 

184 

1M5  2.99 

2033 

5.7 

13,164 

DR-27 

128 

3.52 

521 

.181 

1,417  3.00 

2025 

6.3 

22,391 

DR-28 

120 

3.33 

515 

179 

1.416  3.00 

2012 

5.9 

20,911 

DR-29 

125 

3.^ 

520 

181 

1.416  3.00 

2022 

6,1 

17,819 

DR-30 

110 

3.07 

520 

182 

1.414  2,99 

2023 

5.4 

15,950 

DR-31 

113 

3.11 

512 

179 

1.415  3.00 

2008 

5.5 

11,350 

DR-32 

114 

3.15 

499 

174 

1.417  3.00 

1980 

5.7 

11,471 

U8 


TABI£  Vlllet  LiaUID  IHJgCnOH  IBKCO  A  SDPglSOHic  STREAM 
LIQUID«GAS  PARAMErsaS 


TEST 

NO. 

VEL, 

RATIO 

V'l 

MOM. 

RATIO 

V/Vi 

q 

DR-2 

6.6 

258 

15.7 

DR-3 

6.72 

151 

27.2 

DR-4 

6.6 

364 

11.0 

l»-5 

9.3 

250 

.  16.4 

DR-8 

5.5 

103 

39.6 

DR-10 

6.25 

195 

32.0 

DH-11 

6,24 

373 

'  16.6 

DR-12 

6.4 

425 

'  14.5 

DR-13 

6.8 

100 

28.6 

DR-14 

6.7 

179 

15.7 

DR-15 

6.5 

243 

11.4 

DR-l? 

9.6 

203 

14.0 

DR-19 

6.2 

168 

37.3 

DR-20 

8.5 

384 

16.4 

DR-22 

8.4 

914 

6,7 

DR-23 

10.3 

255 

17.4 

DR-24 

8.4 

184 

23.9 

DR-25 

6.3 

84 

52.5 

dr-26 

8.7 

175 

25.0 

DR-27 

6.5 

98 

45.5 

dr-28 

7.9 

139 

32.0 

DR-29 

4.5 

93 

47.7 

DR-30 

5,6 

124 

35.9 

DH-31 

6.2 

124 

35.8 

DR-32 

5.0 

83 

53.2 

129 


TABLE  IX»  IHJBCrrAST  KflGSICAL  PROPERTIES 


INJBCTAKT 

ill 

ABSOKJTS 

VISCOSITY 

fLB/FT-SBC) 

KEHEHATIC; 

VISCOSITY 

(FT^/SBC) 

■run  1  rwMBI  lllBll' 

SURFACE 

TE33I0N 

V 

62.2 

5x10"^ 

8,1x10“^ 

.0049 

TRICK 

89.6 

7.1x10'^ 

3x10"5 

.0019 

FREON  113 

97.6 

4x10“^ 

44510“^ 

.0012 

METHANOL 

1 

48.9 

3.3x10^ 

6,7x10'^ 

.0015 

H2O/PHOTOFLO 

62.4 

5.7x10*^ 

9.140“^ 

,0021 

I 
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Fi^iUre  37.  Liquid  Injection  into  Supersonic  StreaK,  Tests  DR-2^  eind  DR-25 


TEST  NO.  DR-26  test  NO 

INJECTAOT  TRICH  INJEOTAl 


• 

JS 

nn 


K  s  S< 

~  O  «H 
'AO 
O  t-4 
•  fA 


>A 

'A 


L? 

ss 


I  o< 


O  tH  O 
'A  C\i 
O  '''  fA 
•  CvJ  (VJ 


H  '"3 

ctj  a 

o  H 


I 


Figure  3&.  Liquid  Injection  into  Supersonic  Stream,  Tests  DR-26  and  DR-27. 


Figure  40,  Liquid  Injection  into  Supersonic  Stream,  Tests  DR-30  and  DR-31 


liquid  (water)  jet  injected  into  quiescent,  atmospheric  air.  The  data 
was  taken  at  two  axial  regions  in  the  spray.  These  regions  were  nomi¬ 
nally  3.0  '=3.5  and  3.5  "  ‘*.0  inches  from  lae  injection  plane.  The 


TABLE  Xt  LIQUID  JET  AHPLTrPPE  Pm 


DATA 

POINT 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 
1? 
18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 


T©T 

NO. 


DR-2 

tt 

DR-3 

tl 

tl 

n 

M 

n 

DR-4 

n 

tt 

H 

DR-5 

n 

Da-8 

H 

H 

tt 

M 

H 

« 

DR-10 

If 

M 

H 

n 

DR-11 

H 

tf 

Cl 

DR-12 

H 

tt 

DR-13 


H 

tt 


LIQUID 

TYPE 


»20 


amplitude 

1.32 

1.93 

3.23 
.43 
.80 

1.05 

1.57 

2.98 

6.02 

.71 

.89 

2.27 

2.36 

1.23 
1.84 

.27 

.34 

.34 

.43 

.61 

.89 

1.64 

3.32 
.89 
.89 

2.09 

3.74 

7.49 

.43 

.43 

1.77 

3.09 

.77 

1.11 

5.71 

.43 

.51 

1.02 

1.45 

2.11 

2.32 


DISTANCE 

3.93 

10.50 

21.07 

6.11 

10.32 

13.98 

19.23 

26.23 
54,11 

4.21 

8.05 

15.05 

Z6,75 

8.75 

21.16 

2.46 

5.25 
7.52 

12.16 

17.66 

22.64 

30,0? 

^,66 

3.51 

10.11 

16.26 

39.57 

72.31 

2,20 

8.26 
16.26 
25.49 

5.29 

12.09 

25.17 

3.85 

9.43 

13.79 

19.23 

25.62 

34.83 


DIN,  ISSS. 
RATIO,  q 


15.7 

15.7 

15.7 

27.2 

27.2 

27.2 

27.2 

27.2 

27.2 
11.0 
11.0 
11,0 
11,0 

16.4 

16.4 
39.6 
39.6 
39.6 
39.6 
39.6 
39.6 
39.6 

39.6 
32.0 
32.0 
32.0 
32.0 
32.0 

16.6 
16.6 
16.6 
16.6 

14.5 

14.5 

14.5 

28.6 
28.6 
28.6 
28.6 
28.6 
28.6 
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Xt  T^rv'TTD  .TSP  AMPliTTODS  DATA,  continued 


DATA  TEST 

POINT  NO. 


LIQUID  AMPLITUDE  DISTANCE 


42 

43 

44 

45 

46 
4? 

48 

49 

50 

51 

52 

53 
5'+ 

55 

56 

57 

58 

59 

60 
61 
62 
63 


DR-i4 

M 

M 

tl 

DR-15 

tl 

M 

DR-17 

M 

tl 

tl 

DR-19 

H 

n 

N 

DR-20 

M 

It 

DR-22 

M 

H 

DR-23 


THIGH 


64 

65 

66 

67 

68 

69 

70 
?1 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 
83 


H 

U 

M 

M 


H 

I»-24 


DR-25 

t» 

n 

ft 

ft 

H 

dr-26 

tl 

H 

If 

tf 


.51 

.59 

1.53 

8.34 

.79 

1,02 

5.23 
.51 
.66 

1.23 

3.06 

.54 

1.00 

2.31 

4.40 

.77 

.66 

2,63 

.77 

1,66 

4.06 

.33 

.76 

1.17 

1.50 

2.26 

4.85 
.33 
.59 

1.09 

l.OO 

.33 

.50 

.85 

1.35 

3.26 

4.35 
.85 
.85 

1.85 

2.50 

3.67 


1.81 

4.51 
12.34 
58.92 

2,32 

6.83 

32.00 

3.49 

10,17 

19.45 
31.21 

4.63 

14.51 
26.37 
43.40 

2.51 

5.83 

12.63 
1.31 

5.83 
28.14 

4.35 

6.61 

9.61 

13.46 

19.57 
31.94 

1.50 

6.70 

12.04 

16.57 
8.37 

12.87 

18.30 

24,91 

33.61 

48.33 

4.02 

9.87 

13.72 

20.83 

30.70 


DYN,  PRES. 
RATIO,  q 


15.7 

15.7 

15.7 

15.7 

11.4 

11.4 
11.4 
14,0 
14.0 
14.0 
14.0 
37.3 
37.3 
37.3 

37.3 

16.4 

16.4 

16.4 
6.7 
6.7 
6.7 

17.4 
17.4 
17.4 
17.4 
17.4 

17.4 
23.9 
23.9 
23.9 
23.9 

52.5 

52.5 

52.5 

52.5 
52.5 
52.5 
25.0 
25.0 
25.0 
25.0 
25.0 


14? 


TABLE  X:  LIQUID  JET  AHELITUDE  DATA,  continued 


DATA 

TEST 

LIQUID 

AMPLITUDE 

DISTANCE 

DYN.  PRESS 

POIlfr 

NO. 

TYPE 

A/o//\ 

RATIO,  q 

84 

DR-27 

FREON  113 

.17 

4.35 

45.5 

85 

tt 

.33 

7.37 

45.5 

86 

H 

.76 

12.04 

45.5 

87 

n 

.67 

18.07 

45.5 

88 

u 

.91 

23.74 

45.5 

89 

If 

1.85 

31.11 

45.5 

90 

If 

3.85 

41,80 

45.5 

91 

DR-28 

.59 

4.11 

32.0 

92 

.91 

8.37 

32.0 

93 

tf 

1.26 

13.54 

32.0 

94 

ft 

1.85 

17.39 

32.0 

95 

H 

2.00 

23.74 

32.0 

96 

ft 

2.94 

28.43 

32.0 

97 

M 

N 

/ 

3.67 

39.98 

32.0 

98 

DR-29 

METHANOL 

.33 

2.94 

47.9 

99 

H 

.67 

9.61 

47.9 

100 

ft 

2.67 

2ii,50 

47.9 

101 

It 

2,9^ 

35.11 

47.9 

102 

II 

6.28 

63.54 

47.9 

103 

DR-30 

.26 

6.61 

35.9 

104 

H 

.50 

18.98 

35.9 

105 

M 

1.76 

32.28 

35.9 

106 

tt 

\ 

1 

5.70 

60.87 

35.9 

107 

DH-31 

PHOTOPLO/H^O 

.41 

4.02 

35.8 

108 

H 

1.35 

10.87 

35.8 

109 

II 

1.59 

15.13 

35.8 

110 

II 

2.00 

20.0? 

35.8 

111 

H 

2.26 

25.00 

35.8 

112 

DR-32 

.50 

3.85 

53.2 

113 

tl 

.59 

10.28 

53.2 

114 

If 

.33 

14.63 

53.2 

115 

If 

.85 

20.33 

53.2 

116 

H 

\ 

/ 

2.17 

30.44 

53.2 

117 

ft 

N 

/ 

3.17 

44,98 

53.2 
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TABLE  Xlt  LIQUID  JET  ¥AVaLSKC!TH  BATA 


w 


I 


DATA 

TEST 

LIQUID 

WAVELENGTH 

DISTAHCE 

DYH.  m 

POINT 

_- 

HO. 

TYPE 

s/c^\ 

RATIO, 

H 

2® 

*~T57 

1.7Z 

15.7 

2 

10.57 

15,79 

15.7 

3 

nR-3 

4.21 

8,22 

27.2 

4 

tt 

3.66 

12.15 

27.2 

5 

M 

5.25 

16.61 

27.2 

6 

n 

7.00 

22.73 

27.2 

7 

N 

27.88 

40.17 

27.2 

8 

DS-4 

3.84 

6.13 

11,0 

9 

7.00 

11.55 

11.0 

10 

N 

11.70 

20.90 

11,0 

11 

DR-5 

12.41 

14.96 

16,4 

12 

IHl-8 

2.79 

3.86 

39,6 

13 

N 

2.27 

6.39 

39,6 

14 

tl 

4.64 

9.84 

39.6 

15 

H 

5.50 

14.91 

39.6 

16 

W 

4.98 

20.15 

39.6 

1? 

•1 

7.43 

26,36 

39,6 

18 

If 

14.59 

37.37 

39,6 

19 

DR-10 

6.6o 

6,81 

32.0 

20 

H 

6.15 

13.19 

32.0 

21 

tl 

23.31 

27.92 

32.0 

22 

f1 

32.74 

55.94 

32.0 

23 

DR-11 

6.06 

5.23 

16.6 

24 

«t 

8.00 

12.26 

16.6 

25 

H 

9.23 

20.88 

16.6 

26 

DR-12 

6.80 

8.69 

14.5 

27 

*1 

13.08 

18.63 

14.5 

28 

DR-13 

5.58 

6.64 

28.6 

29 

H 

4.36 

11.61 

28,6 

30 

ft 

5.44 

16.51 

28,6 

31 

6.39 

22.43 

28,6 

32 

ff 

9.21 

30.23 

28.6 

33 

DR— 14 

2.70 

3.16 

15.7 

34 

ft 

7.83 

8.43 

15.7 

35 

W 

46.58 

35.63 

15.7 

36 

DR— 15 

4.51 

4.58 

11.4 

37 

ft 

25.17 

19o42 

11,4 

38 

DR-17 

6.68 

6,83 

14.0 

39 

H 

9.28 

14.81 

14,0 

40 

M 

11.76 

25.33 

14.0 

41 

DR-19 

9.88 

9.57 

37.3 

42 

ft 

11.86 

20,44 

37.3 

43 

n 

17.03 

34.89 

37.3 

44 

DR-20 

3.32 

4.17 

16,4 

45 

1  X 

ft 

6,80 

9.23 

16.4 

46 

DR-22 

\ 

f 

4.52 

3.57 

6.7 

47 

22.31 

16.99 

6.7 

14,9 


TABLE  n»  LIQUID  JgP  WAVELSSCTH  DATA,  continued 


DATA 

TEST 

LIQUID 

YAmENGTH 

DISTANCE 

DIN.  PRESS. 

POIOT 

NO. 

TIPE 

RATIO,  q 

k8 

I»-23 

TRICK 

272S 

5.46 

1714 

49 

•t 

3.00 

8.11 

17.4 

50 

N 

3.85 

11.54 

17.4 

51 

ft 

6.11 

16.52 

17.4 

52 

H 

12.37 

17.4 

53 

5.20 

4.10 

23.9 

54 

H 

i 

5.34 

9.37 

23.9 

55 

n 

4.53 

14.31 

23.9 

56 

121-25 

5.02 

5.86 

52.5 

57 

H 

1 

4.50 

10.62 

52.5 

58 

H 

5.43 

15.59 

52.5 

59 

N 

6,61 

21.61 

52.5 

60 

« 

8.70 

29.26 

52.5 

61 

M 

14.72 

40.97 

52.5 

62 

dr-26 

5.85 

6.95 

25.  r 

63 

H 

3.85 

11.80 

25.0 

64 

0 

\ 

/ 

7.11 

17.28 

25,0 

65 

It 

\ 

9.87 

25.77 

25,0 

66 

DR-27 

FREON  113 

3.02 

5.86 

45.5 

67 

m 

4.67 

9.71 

45.5 

68 

H 

6.03 

15.l'6 

4').  5 

69 

M 

5.67 

20.91 

45.5 

70 

H 

7.37 

27.43 

4:>.5 

71 

M 

10.69 

36.46 

45o5 

72 

DR-28 

4.26 

6.24 

32.0 

73 

H 

5.17 

10.96 

32.0 

74 

It 

3.85 

15.47 

32.0 

75 

« 

6.35 

20,57 

32.0 

76 

It 

\ 

/ 

4.69 

26.09 

32.0 

77 

If 

r 

11.55 

34.21 

32,0 

78 

ra-29 

METHAI 

TOL 

6.67 

6.28 

47.9 

79 

M 

14.89 

17.06 

47.9 

80 

M 

10.61 

29.81 

47.9 

81 

H 

28.43 

49.33 

47.9 

82 

DH-30 

12.37 

12,80 

35.9 

83 

ft 

V 

13.30 

25,63 

35.9 

84 

tl 

f 

28.59 

46.58 

35.9 

85 

IJR-31 

PHOTOFLO/H,0 

6.85 

7.45 

35.8 

86 

If 

4.26 

13.00 

35.8 

87 

M 

4.94 

17.60 

35.8 

88 

ft 

4.93 

22.54 

35.8 

89 

DR-32 

6.43 

7.07 

53.2 

90 

It 

4,35 

12.46 

53.2 

91 

It 

5.70 

17.48 

53.2 

92 

tl 

\ 

! 

10,11 

25.39 

53.2 

93 

M 

N 

/ 

14.54 

37.71 

53.2 
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injection  conditions  and  d&ca  slice  locations  are  shown  in  Figure  43, 

A  i^otograph  of  the  actual  spray  is  shorn  in  Figure  44,  The  size  and 
spatial  coordinates  for  each  dropdet  in  the  two  axial  regions  are  pre¬ 
sented  in  Tables  XII  and  XIII,  The  true  longitudinal  positions  of  the 
droplets  in  the  3,0  -  3.5  inch  slice  are  obtained  by  adding  3  inches  to 
the  y-cooidinate ,  since  this  was  not  done  la  the  coaputer  prograa.  The 
nunbers  in  the  size  coluans  identify  the  size  intervals  in  which  the 
droplets  belong.  For  exaaple,  3  indicates  the  nominal  class  size  40» 

60  nicrons,  4  indicates  class  size  60<-80  nicronSf  etc.  The  correspon¬ 
ding  physical  sizes  for  all  the  class  numbers  are  given  in  Table  XIV 
along  with  the  Interval  mid-dianeters  emd  droplet  count  in  each  inter¬ 
val  (class  size)  for  both  axial  slices.  The  droplet  number  fractlmit 
cuaulati  v'e  volume  fraction  (below  a  given  class  size)  and  volome  frac¬ 
tion  for  xhe  two  axial  regions  are  presented  in  Tables  XV  and  XVI,  The 
various  mean  diameters  and  total  droplet  count  for  both  axial  regions 
are  givon  in  Table  XVII,  These  data  were  operated  on  to  characterize 
the  spray  in  terms  of  droplet  spatial  and  size  distribution.  How  this 
characterization  tfsis  acc<»iplished  and  a  discussion  of  the  results  are 
presented  in  the  next  Chapter, 


151 


SIZE 


TABEB  mi  mmsf  suss  ahp  s^muL  cocBPia 

AXIAL  SLICE  3.0-3«5  INCHES 


X  Y  Z 


-0.21222 

0.04926 

-0.17901 

3. 

-0.33A2C 

0.14278 

-0.17134 

4. 

-0.30187 

0.25647 

-0.23056 

4. 

-0.20912 

0,37610 

0.44009 

4. 

-0.29696 

0.13146 

“0.16545 

5. 

-0.26800 

0.48412 

0.27107 

5. 

-0.26058 

0.17260 

-0.18687 

5. 

-0.21990 

-0.00549 

-0.15050 

5. 

-0.15163 

0.27669 

-0.01557 

5. 

0.16964 

0.17634 

-0.18883 

5. 

-0.32980 

0.27452 

-0.23996 

6. 

-0.31549 

0.15564 

-0.06528 

6. 

-0.25627 

0.19593 

-0.14264 

6. 

0.21533 

0.12307 

-0.49937 

6. 

0.27179 

0.32592 

-0.09759 

6. 

0.33575 

-0.02804 

-0.13875 

6. 

-0.35109 

0.37062 

0.1610^ 

7. 

-0.29765 

0.54132 

0.29766 

7. 

-0.26981 

0.31790 

0.41402 

7. 

-0.26739 

0.17534 

-0.24469 

7. 

-0.23274 

0.08880 

-0.14323 

7. 

•0.18352 

0.24428 

0.00132 

7. 

-0.12413 

0.56107 

0.00-546 

7. 

0.41824 

0.51885 

0.36574 

7. 

-0.35385 

0.22836 

-0.04678 

8. 

-0.32730 

0.39911 

0.42811 

8* 

-0.32601 

0.60500 

0.20811 

8. 

-0.30748 

0.24823 

-0.11351 

8. 

-0.30334 

0.28096 

-0.13055 

8. 

-0.28480 

0.46318 

0.33836 

8. 

-0.25765 

0.25880 

0.44481 

8. 

-0.22533 

0.06508 

-0.18726 

8. 

-0.21757 

0.18295 

0.03326 

8. 

0.12490 

0.20983 

-0.20627 

8. 

0.19938 

0.29276 

0.03245 

8. 

0.20223 

0.08994 

-0.14382 

8. 

-0.36756 

0.41354 

0.30783 

9, 

-0.34256 

0.21238 

-0.C3845 

9. 

-0.32385 

0.40484 

-0.08231 

9. 

-0.30756 

0.33304 

-0.04492 

9. 

-0.30420 

0.39459 

-0.07698 

9. 

-0.29437 

0.30482 

-0.08660 

9. 

-0.27972 

0,42028 

0.36C70 

9. 

-0.17938 

0.23189 

0.00777 

9, 

TABLE  m«  BBOmg  SIZE  ggATIAL  GOOBDIKATSS.  SLIgg  U  eoaiigntd 
AXIAL  SLICE  3:0-3. 5  INCHES 

X  Y  Z  SIZE 


0.16352 

0.32915 

-0.04289 

9. 

0.29567 

0.40032 

0.31472 

9. 

0.31672 

0.12867 

0.06153 

9, 

0.A1662 

0.53467 

0.35750 

9. 

-r>. 35523 

0.39158 

0.20650 

10. 

-0.33394 

0.45953 

0.00197 

10. 

-0.33066 

0.32393 

-0.15293 

10. 

-0.31032 

0.44294 

0.01061 

10. 

-0.3021? 

0.65622 

0.12505 

10. 

-0.26679 

0.41335 

0.02602 

10. 

-C. 25869 

0.43712 

.01363 

10. 

-0.24610 

0.64834 

0.12915 

10. 

-0.21791 

0,62259 

0.25532 

10. 

-0.20128 

0.41067 

0.02741 

10. 

-0.18343 

0.50570 

0.37259 

10, 

-0.17481 

0. 62680 

0.25313 

10. 

-0.17093 

0.28373 

-0.01923 

10. 

0.16068 

0.13188 

0.05986 

10. 

0.21257 

0,06062 

0.09698 

10. 

0.22472 

0.06303 

-0.12981 

10. 

0.26558 

0.27590 

-0.18430 

10, 

0.30739 

0.49033 

0.38060 

10. 

0.32997 

-0.07159 

-0.39798 

10. 

0.41876 

0.00991 

-0.44C43 

10. 

-0.32101 

0.58779 

0.16069 

u. 

-0.31179 

0.29688 

-0.02608 

11. 

-0.30541 

0.43773 

-0,0430o 

11. 

-0.30101 

0 • 44760 

0.00818 

11. 

-0.28980 

0.21761 

0,12797 

11. 

-C  .28291 

0.40951 

0.42269 

11. 

-0.28958 

0.32127 

0.41227 

11. 

-0.27524 

0.34238 

0.45766 

u. 

-0.26351 

0.23723 

0.39966 

11. 

-0,26205 

0.00072 

-0.09735 

11. 

-0.25429 

0.23880 

0.17332 

11. 

-u. 21334 

0.16719 

-0.07129 

ll. 

-0.21205 

0, 16047 

-0. 01141 

11. 

-0.20248 

0. 14601 

-0,06026 

11, 

-0.20128 

0.31594 

0.07676 

11. 

-0.19817 

0. 15793 

.06647 

11. 

-0.14102 

0.61438 

0.03408 

11. 

-0.13913 

0,58761 

-0.00836 

11. 

0.13258 

0.16555 

-0.23959 

11. 

0..3844 

0.19163 

-0.19C79 

1. . 

0.14982 

-0.06226 

-0,34646 

11. 
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TABUS  nit 


AXIAL 

SLICE  3.0- 

■3.5  INCHES 

X 

Y 

Z 

SIZE 

0.17240 

0.20097 

-0.14527 

11. 

0.17593 

-0.09620 

-0.27240 

11. 

0.18128 

0.34132 

0.06353 

11. 

0.19111 

0.27048 

0.32596 

11. 

0.22309 

0.31317 

0.02181 

11. 

0.23903 

0.14329 

0.16668 

11. 

0.32213 

0.56602 

0.34117 

11. 

0.34006 

0.51127 

-0.13775 

11. 

0.39876 

0.19384 

-0.25432 

11. 

-0.38135 

0.25153 

-0.05884 

12. 

-0.33971 

0.18699 

-0.08161 

12. 

-0.33540 

0.37479 

-0.06666 

12. 

-0.31247 

0.42785 

-0.09430 

12. 

-0.29998 

0.51768 

0.25358 

12. 

-0.29799 

0.32945 

-0.04305 

12. 

-0.29161 

0.25908 

0.27552 

12. 

-0.26291 

0.60522 

0.16111 

12. 

-0.26C67 

0.26222 

0.33026 

12. 

-0.25851 

0.66868 

0.11855 

12. 

-0.25377 

0.43115 

-0.03964 

12. 

-0.25343 

0.33532 

0.29219 

12. 

-0.25343 

0.61690 

0.03276 

12. 

-0.24610 

0.25015 

0.39293 

12. 

-0.22214 

0.37280 

0.38543 

12. 

-0.16860 

0.32885 

0.01365 

12. 

-0.13576 

0.70105 

0.27C84 

12. 

0.25282 

0.44017 

0.40672 

12. 

0.27679 

0.37338 

0.1596C 

12. 

0.31239 

0.48867 

0.04317 

12. 

0.3284? 

0.52935 

0.07836 

12. 

0.39626 

0.41871 

0.07961 

12. 

0.40221 

0.35474 

0  ,28207 

12. 

-0.32937 

0.30602 

0.25106 

13. 

-0.30765 

0.25763 

0.27627 

13. 

-0.28093 

0,14295 

-0.05867 

13. 

0. 21^29 

0.10361 

0.18735 

13. 

0.45781 

0.31969 

-0.31987 

13. 

-0.33497 

0.43431 

0.04544 

14. 

-0.31713 

0.47956 

-0.00847 

14. 

-0.31170 

0.47275 

-0.06130 

14. 

-0.30765 

0.56214 

-0.05148 

14. 

-0.30239 

0.21326 

0.18662 

14. 

-0.29351 

0.44484 

-0.04676 

14. 

-0.17688 

0.4184. 

0.13615 

14. 

-0.17671 

0.65036 

0.297^4 

14. 

if 
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TAHS  SlXt 


AXIAL  SLICE  3, 0-3. 5  INCHES 


X 

Y 

Z 

SIZE 

-0.15542 

0.17619 

-0.18875 

14. 

0.18223 

0.37168 

0.04772 

14, 

0.21C07 

0.40717 

0.14200 

14. 

0,22196 

0.19973 

0.19367 

14. 

0.25213 

0.34734 

-0.05237 

14. 

0.25265 

0.34390 

-0.05057 

14. 

0.29808 

0.28818 

0.09121 

14. 

0.31204 

0.03720 

-0.00359 

14. 

0.33247 

0.03790 

-0.45501 

14. 

0.34695 

0.34780 

-0.05260 . 

14. 

0.3^997 

0.35423 

0.45148 

14. 

-0.35376 

0.26827 

0.38349 

'15. 

-0,33894 

0.37968 

0.38184 

15. 

-0.32006 

0.33098 

-0.04384 

15. 

-0.31592 

0.28149 

-0.13083 

15. 

-0.31515 

0.27721 

0.32246 

15. 

-0,23696 

0.22629 

-0.10208 

15. 

0.26119 

0.52416 

0.13745 

15. 

0.37100 

0.50730 

-0.13568 

15. 

0.40161 

0.11595 

-0,10099 

15. 

-0.26008 

0.61883 

0.14452 

16, 

-0.25843 

0.35911 

0.33618 

16, 

-0.25532 

0.24004 

0.28543 

16, 

-0.22636 

0.35039 

0.34072 

16. 

-0.22136 

0.44973 

0.40174 

16. 

-0.20826 

0.21738 

0.12809 

16. 

-0.17843 

0.45661 

0.39816 

16. 

-0.16809 

0.44590 

0.34736 

16., 

-0.16680 

0.39914 

0.14618 

16.. 

0.19369 

0.31783 

0.41406 

16„ 

0.19878 

0.31150 

0.07907 

16, 

0.20938 

0.32536 

0.18461 

16.. 

0,24774 

0.32157 

-0.09532 

16, 

0.25446 

0.25817 

0.33237 

16. 

0.25869 

0.36940 

0.16167 

16. 

0.29420 

0.36691 

-0.11894 

16. 

0.36437 

0.53488 

0.18825 

16. 

-0.306U1 

0.23016 

0.17782 

17. 

-0.30411 

0.13849 

-0.22549 

17. 

-0.28480 

0.54513 

0,23929 

17. 

-0.22446 

0.39407 

0.43C73 

17. 

0.22196 

0.33408 

-0.2'»C98 

17. 

0.25782 

0.09143 

0.08C93 

17. 

0.41117 

0.51792 

0.30984 

17. 

-0.36273 

0.23271 

-0.10542 

18. 

‘57 


TABl^g  m»  mr(Pr.m  STZB  AMD  SPATIiL  GOOBDIKAggt.  SUCB  1.  c#Bttaaed 
AXIAL* SLICE  3. 0-3. 5  INCHES 


X 

Y 

Z 

SIZE 

-0.35911 

0.20770 

-0,14878 

18. 

-0.32678 

0.45088 

-0.04991 

18. 

-0.31722 

0.29808 

0.31158 

18. 

-0.30765 

0.52712 

-0.03324 

18. 

-0.30C49 

0.4^964 

-0.16203 

18. 

rO. 25007 

0.10530 

-0.20821 

18. 

-0.24972 

0.46645 

0.28C27 

18. 

-0.24265 

0.41506 

0.19428 

18. 

-0.23050 

0.24372 

0.33990 

18. 

-0.1819,7 

0.60545 

0.15149 

18. 

0.15188 

0.08729 

-0.02968 

18. 

0.15861 

0.22618 

0.17989 

18. 

0.19136 

0.27557 

0.15416 

18. 

0.24377 

0.29686 

-0.13884 

18. 

0.26731 

0.25677 

0.16396 

18. 

0.30549 

0.45421 

0.23026 

18. 

0. 32066 

0.04921 

-0.00984 

18. 

0.32696 

0.43741 

0.35178 

18. 

0.34825 

0.39345 

0.43105 

18. 

0. 42^128 

0.55700 

0.34587 

18. 

-0.30049 

0.47330 

0.05117 

19, 

-0.23558 

0.20548 

0.30343 

19. 

-0.14102 

0.54986 

0.18044 

19, 

0.20395 

0.28057 

0.32C70 

19. 

0.23576 

0.38109 

0.09920 

19. 

0.257A8 

0.09678 

0.02176 

19, 

0.32066 

0.49535 

-0.24222 

19. 

0.42798 

0.35502 

-0.33827 

19. 

-0.36859 

0.39604 

0.31695 

20. 

-0.22593 

0.22238 

0.29663 

20. 

-0.17A6A 

0.64742 

0.07325 

20, 

-0.14283 

0.42287 

0.30297 

20. 

0.18395 

0.22437 

0.29360 

20. 

0.21153 

0. 34953 

0.22840 

20. 

0.24222 

0.43264 

0.18512 

20. 

0.25619 

0.38647 

-0.18551 

20. 

0.26756 

0.43870 

0.29672 

20. 

0.28549 

0.43641 

0. 2^058 

20. 

O.2903A 

0.17666 

-0.18795 

20. 

0.29972 

0.19807 

-0.14376 

20. 

0.37566 

0.46815 

0.33577 

20. 

-0,26638 

0.59030 

0.10300 

21. 

-0.19507 

0.53431 

0.01940 

21. 

-0.19326 

0.54953 

0.01147 

21. 

0.20128 

0.40534. 

0.14296 

21. 
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TASEg  mit  SIZE  ASS  SPATIAL  COCBBimTES.  SUGB  1.  esafcifitiea 

AXIAL  SLICE  3. 0-3. 5  INCHES 


X  Y 


0.20619 

0.62230 

0.24627 

0.52226 

0.34575 

0,04867 

0.35351 

0.07055 

-0.23696 

0.43964 

-0.20947 

0.12961 

0.18654 

0.29244 

0,22593 

0. 19672 

0.29403 

0.36429 

0.32213 

-0,1362  7 

0,33678 

0,12818 

-0,32023 

0.37610 

0.25808 

0.41614 

0.26722 

0.56975 

0.32230 

0.08019 

-0.14C25 

0.52248 

0.16688 

0.43772 

0.1R481 

-0.05705 

0.19490 

-0.07991 

0.23912 

0.24623 

0.25800 

0. 15966 

0.26541 

0.42262 

0.34290 

0.15251 

-0.35101 

0.29008 

0.21153 

0.32907 

0.22843 

0.32085 

0.31325 

0.52726 

0.21541 

0.55629 

-0.24257 

0.48990 

-0.23653 

0.22358 

-0.18516 

0.63349 

-0.17395 

0.21767 

-0.15257 

0, 38913 

0.16602 

0. 53956 

0.20972 

0.40056 

0,22576 

0.36690 

0.2^213 

0.35564 

0.32989 

0.54621 

-0.36825 

0.  25847 

-0.30 360 

0.23307 

-0  .20C33 

0.58078 

-0.19878 

0. 50651 

0.21102 

0.  57082 

0.29929 

0.41309 

0.30C67 

0.41687 

1 

SIZE 

0,31186 

21. 

0.19482 

21. 

-0.00957 

21. 

0.03542 

21. 

-0.04406 

22. 

0.23019 

22. 

0.42728 

22. 

0.02609 

22. 

-0.23C34 

22. 

-0.30791 

22. 

-0.10736 

22. 

-0.01096 

23. 

0.25C09 

23. 

0.22646 

23. 

0.08678 

23. 

0.13832 

24. 

0.35162 

24. 

-0.29279 

24. 

-0.2SC88 

24, 

-0,22523 

24. 

0.21453 

24. 

0.19033 

24. 

-0.06365 

24. 

0.03384 

25. 

0.40821 

25. 

-0.26409 

25. 

0.36136 

25. 

J. 17710 

26. 

0.09891 

27. 

0.18124 

27. 

0.02412 

27. 

0.01518 

27. 

0.15140 

27. 

0.29857 

27. 

-0.08C08 

27. 

0.27574 

27. 

0,16884 

27. 

-0.15595 

27. 

-0.17522 

28. 

-0.15678 

28. 

0.33348 

28. 

0.20302 

28. 

0  .22591 

28. 

-0.14299 

33. 

0.08057 

37. 
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TmM  m »  laOMSr  size  AHD  spatial  COORDIHATES.  sucg  l.  centiaaed 
AXIAL  SLICE  3. 0-3. 5  INCHES 


X 

Y 

Z 

SIZE 

0.27136 

0.42988 

0.13C17 

39. 

0.23567 

0.39718 

-0.13471 

42. 

0.18981 

0.35024 

-0.11026 

46. 
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TABia  TTTTi  DBOELgr  SIZB  AHD  SPATIAT.  nfiTROTITATB.  SEiai  2 
AXIAL  SLICE  3. 5-4.0  INCHES 


X 

Y 

Z 

SIZE 

-0.36265 

4.11906 

0.03835 

3. 

-0.18752 

4.19544 

0.22409 

3. 

-0.12321 

3.97063 

-0.10986 

3. 

0.25611 

4.03476 

-0.19965 

3. 

0.29668 

4.00264 

-0.18292 

3. 

-0.30515 

4.43663 

-0.01429 

4. 

-0 .28560 

3.91855 

-0.30827 

4. 

-0.23796 

4.3Lo98 

-0.04481 

4. 

-0.19773 

4.41084 

0.22467 

4. 

-0.13229 

4.29465 

*0.10‘'49 

4. 

-0.08482 

4.30626 

-0.11553 

4. 

0.40951 

3.96541 

-0.16353 

4. 

-0.38A82 

4.24684 

0.19733 

5. 

-0 .36C  3U 

4.09739 

0.04964 

5. 

-0.34101 

3.97884 

-0.22690 

5. 

-0.34C05 

4.19931 

0.22208 

5. 

-0.30375 

4.41190 

-0.05780 

5. 

-0.30244 

4.38548. 

0.40702 

5. 

-0.29389 

3.92435 

-0.19852 

5. 

-0.27C42 

4.49088 

-0.04255 

5. 

-0.26981 

4.12129 

-0.24472 

5. 

-0.23647 

4.44063 

0.26241 

5. 

-0.20558 

4.36754 

0.07807 

5. 

-0.20070 

4.43649 

0.26769 

5. 

-0.18979 

4.09285 

-0.28629 

5. 

-0.18412 

4.17099 

-0.49614 

5. 

-0.16387 

4.06861 

-0.15C90 

5. 

-0.13499 

4.41978 

0.16363 

5. 

-0.11684 

4.38402 

0.18225 

5. 

-0.07897 

4.09611 

-0.40C75 

5. 

0.23822 

4.18032 

-0.44461 

5. 

0.25436 

4.26154 

0.18967 

5. 

0.26675 

4.46321 

-0.03C74 

5. 

0.27880 

4.10957 

-0.29500 

5. 

0.27923 

4.06692 

-0.27278 

5. 

0.27976 

4.18894 

-0.39272 

5. 

0.31126 

4.04829 

0.01883 

5. 

0.31658 

4. 1046’ 

-0.40518 

5. 

0.32871 

4.07513 

-0.38982 

5. 

0.34415 

4.22098 

0.21C79 

5. 

0.36152 

4.10779 

-0.29407 

5. 

0.36702 

4.10496 

0.27122 

5. 

0.38255 

4.06061 

-0.21311 

5. 

0.38709 

3.95880 

-0.32923 

5. 
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TABia  gni  mcmss  sizg  ahd  spAsm  cooBPm&rES.  sues  2.  coatiausd 


AXIAL 

SLICE  3.5- 

■4.0  INCHES 

X 

Y 

Z 

SIZE 

0.43010 

4.40372 

0.11561 

5. 

0.45052 

4.10572 

-0.12385 

5. 

0.46579 

3.98321 

-0.17280 

5. 

0.46806 

4.15332 

-0.03587 

5. 

0.48569 

4.09207 

-0.28588 

5. 

-0.38674 

4.21816 

0.15588 

6. 

-0.37199 

3.95961 

-0.27227 

6. 

-0.35297 

4.35104 

0.31219 

6. 

-0 . 34485 

4.05022 

0.01782 

6. 

-0.30506 

4.38633 

-0.10086 

6. 

-0.30279 

3.89596 

-0.40926 

6. 

-0.29677 

4.20741 

-0.45872 

6. 

-0.28106 

4.16574 

0.01404 

6. 

-0.26466 

4.140^-0 

-0.14191 

6. 

-0.23901 

4.55166 

0.20770 

6. 

-0.219/*6 

4.05454 

-0.37910 

6. 

-0.20716 

4.23384 

0.09133 

6. 

-0.17469 

3.91031 

-0.36C36 

6, 

-0.17269 

4.51619 

-0.05574 

6. 

-0.14145 

4.36673 

0.13488 

6. 

-0.13935 

4.39730 

0.11895 

6. 

-0.13517 

4.00363 

0.04209 

6. 

-0.13C37 

4.31891 

-0.06574 

6 . 

-0.12496 

4.31761 

0.21684 

6. 

-0.U7845 

4.21355 

-0.29277 

6. 

0.P4546 

4.23850 

0.48358 

6. 

0.24660 

4.16155 

-0.49122 

6. 

0.26632 

4.15714 

0.01851 

6, 

0.28525 

4.40957 

0.05613 

6. 

0.31361 

4.36529 

0.19201 

6. 

0.32426 

4.20867 

-0.17747 

6. 

0.35846 

4.01583 

-0.13341 

6. 

0.36178 

4.15964 

-0.20831 

6. 

0.37155 

4.2746  . 

0.46475 

6. 

0.38665 

3.88984 

-0.29331 

6. 

-0.34398 

4.06461 

-0.38434 

7. 

-0.32836 

4.22651 

0.26429 

7. 

-0.31719 

4.36682 

0.41674 

7. 

-0.31108 

4.1555  1 

0.13213 

7. 

-0.29529 

4.53722 

0.27160 

7. 

-0.23805 

4.04630 

-0.43119 

7. 

-0.2'^?14 

4.22770 

-0.18742 

7. 

-0.27522 

4.30835 

-0.11662 

7, 

-0.23927 

4.35970 

-0.08699 

7. 

-0.20550 

4.32193 

-0.06731 

7. 

TkWX  mit  moms  size  AHD  spatial  COCBDIHATES.  sucg  2.  cwitiimsd 
AXIAL  SLICE  3. 5-4.0  INCHES 


X 

Y 

Z 

SIZE 

-0.20122 

4.41955 

0.16275 

7. 

-0.15672 

4.34798 

-0.13726 

7. 

-0.14913 

4.46672 

0.19556 

7. 

-0.14729 

4.22717 

-0.29987 

7. 

-0 .14442 

4.52617 

0.05183 

7. 

-0.09223 

4.05238 

-0.49C74 

7. 

0.24860 

4.06010 

-0.15647 

7. 

0.27373 

4.23592 

-0.30442 

7. 

0.29267 

4.42296 

0.04921 

7. 

0.30105 

3.98163 

-0.22836 

7. 

0.35175 

4.29040 

0.28740 

7. 

0.35401 

3.98909 

-0.17586 

7. 

0.35602 

4.23546 

0.20325 

7. 

0.38455 

3.87721 

-0.17397 

7. 

0.38613 

4.36573 

0.35937 

7. 

0 .45384 

4.03471 

-0.03C48 

7. 

0.48045 

4.11572 

-0.24182 

7. 

-0.34921 

4.09382 

-0.34317 

8. 

-0.34494 

4.15280 

0.13354 

8. 

-0.32645 

4.08064 

0.00198 

8. 

-0.32635 

4.10211 

0.04718 

8. 

-0.30916 

3.8700C 

-0.45212 

8. 

-0.2^551 

3.77193 

-0.40104 

0. 

-0.28C63 

4.17555 

-0.27298 

8. 

-0.27958 

4.19749 

-0.22802 

8. 

-0,27818 

4.07033 

-0.38732 

8. 

-0.25384 

4.30919 

-0.00430 

8. 

-0.22661 

3.97291 

-0.16744 

8. 

-0.20489 

4.34797 

-0.02450 

8. 

-0.17452 

4.19394 

-0.45170 

8. 

-0.14232 

4.47318 

0.24858 

8. 

-0.07740 

4.14889 

-0.42824 

8. 

-0.04825 

4.18832 

-0.27963 

8. 

0.24145 

4.12877 

0.08967 

8. 

0.24729 

4.28875 

0.11911 

8. 

0.25070 

4.30805 

-0.34200 

8. 

0.25183 

4.13760 

-0.53512 

8. 

0.27941 

4.16817 

-0.43828 

8. 

0.28447 

4.46953 

-0.14419 

8. 

0.31562 

4,33941 

0.14911 

8, 

0.33281 

4.07075 

-0.21839 

8. 

0.33822 

4.04904 

-0.26347 

8. 

0.33839 

4.09663 

-0.17550 

8. 

0.35227 

4.26444 

0.2445^ 

8. 

0.35750 

4.13290 

-0.25C77 

8. 

TABLE  mil  IBOBEEr  SIZE  AIED  SPATIAL  COCBBIHATBS.  3LICB..2.  CWtlimed 
AXIAL  SLICE  3. 5-4.0  INCHES 


X 

Y 

Z 

SIZE 

0.36702 

4.44936 

-0.07731 

8. 

0.37138 

4.42626 

-0.12166 

8. 

0.37260 

4.28425 

0.34698 

8. 

0.46448 

4.05506 

-0.04108 

8. 

0.51126 

4.14296 

-0.25601 

8. 

-0.34572 

4.27068 

0.07214 

9. 

-0.31370 

3.81481 

-0.42338 

9. 

-0.29250 

3.81140 

-0.42160 

9. 

-0.27818 

4.27975 

-0.15811 

9. 

-0.23045 

4.02920 

-0.42228 

9. 

-0.21710 

4.25153 

0.02574 

9. 

-0.19965 

4.44847 

-0.02C46 

9. 

-0.19668 

4.21662 

-0.01257 

9. 

-0.18202 

4.23560 

-0.19150 

9. 

-0.17382 

4.12619 

-0.07813 

9. 

-0.17024 

4.17711 

0.00811 

9. 

-0.16A66 

4.44461 

-0.13121 

9. 

-0.15183 

4.36980 

-0.14863 

9. 

-0.13185 

4.12533 

-0.47235 

9. 

-().12A87 

4.2247b 

-0.07308 

9. 

-0.12373 

4.10866 

-0.01261 

9. 

0.25532 

4.33123 

-0.29769 

9. 

0.28298 

4.43329 

0.10021 

9. 

0.31326 

4.39280 

0.23406 

9. 

0.35262 

4.25466 

-0.42695 

9. 

0.37155 

4.24907 

0.42169 

9. 

0 .3’^^78 

4.38153 

-0.21 112 

9. 

0.40C09 

4.27455 

-0.43731 

9. 

0.47173 

4.12828 

-0.07922 

9. 

0.51562 

4.16923 

-0.21331 

9. 

-0 .37A43 

4.15079 

-0.37285 

10. 

-0.36606 

4.17474 

-0.32894 

10. 

-0.33028 

3.90210 

-0.24332 

10. 

-0.31763 

4.19831 

0.10983 

10. 

-0.26876 

4.1980S 

-0.39748 

10. 

-0.26379 

4.0388C 

-0.42728 

10. 

-0.25899 

4.22226 

-0.35369 

10. 

-0.25864 

4.24451 

-0.30890 

10. 

-0.22243 

4.25316 

-0.08788 

10. 

-0.21675 

4.13023 

-0.30576 

10. 

-0.21588 

4.15318 

-0.26133 

10. 

-0.19C23 

4.40044 

0.06C94 

10. 

-0.16876 

4.39895 

-0.22019 

10. 

-0 . 16640 

4.42375 

-0.17673 

10. 

-0.15340 

4.49253 

,0.23850 

10. 

TABLE  lint 


AXIAL 

SLICE  3.5- 

•4.0  INCHES 

wammm 

X 

Y 

Z 

SIZE 

-0.12565 

4.19601 

-0.11449 

10. 

-0.12^87 

4.33379 

0.20842 

10. 

-0.11850 

4.23784 

-0.07990 

10. 

-0.10532 

4.19454 

-0.22649 

10. 

-O.lO^Ol 

4.16793 

-0,32539 

10. 

-0.05611 

4.31546 

-0.00756 

10. 

0.18857 

4.13499 

-0.25185 

10. 

0.25349 

4.28573 

-0.38675 

10, 

0.27696 

4.21166 

-0,34617 

10. 

0.46684 

4.08448 

-0.16917 

10. 

-0.29389 

4.05634 

C. 01464 

11. 

-0.29127 

4.07959 

0.05891 

11. 

-0.28054 

4.25758 

-0.20294 

11. 

-0.27557 

4.36173 

0.19386 

11. 

-0.25375 

4.35663 

0.08376 

11. 

-0.20681 

4.22225 

-0.24C92 

11. 

-0.17190 

4.15386 

-0.03616 

11. 

-0.17147 

4.35337 

-0.30922 

11. 

-0.15646 

4.49862 

-0,04658 

11. 

-0.15035 

4.30961 

0.05186 

11. 

-0.14895 

4.51470 

0.28333 

11. 

-0.14651 

4.25058 

-0.25568 

11. 

-0.13272 

4.4970? 

0.23616 

11. 

-0.12531 

4.54585 

0.32349 

11. 

-0.11527 

4.20098 

0.16483 

11. 

0.20384 

4.48285 

0.35631 

11. 

0.21C73 

4.08012 

-0.33604 

11. 

0.26527 

4.33729 

-0.01893 

11. 

0.26911 

4.28590 

-0.10493 

11. 

0.28386 

4.31158 

0.10722 

11. 

0.28735 

4.38423 

0.01300 

11. 

0.29005 

4.47117 

0.13686 

11. 

0.31161 

4.33513 

-0.13C57 

11. 

0.34852 

4.27985 

-0.38369 

11. 

0.37653 

4.23255 

0.26115 

11. 

0.38080 

4.00872 

-0.24247 

11. 

0.44485 

4.55321 

0.20689 

11. 

0.46291 

4.05805 

-0.21178 

11, 

0.47339 

4.33944 

0.20547 

11. 

0.47600 

4.31441 

0.16213 

11. 

0.47862 

4.04606 

-0.31830 

11. 

0.47880 

4.29146 

0.11770 

11. 

-0.33752 

4.30525 

-0.11501 

12. 

-0.31658 

4. 14337 

0.02569 

12. 

-0.29511 

4.45473 

0.08904 

12. 
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TABLE  Xmt  BROELEP  SIZE  AHD  BPAMAL  GOOSBIRATBB.  SLICE  2.  Mttfciaatd 

AXIAL  SLICE  3. 5-4.0  INCHES 


y.  Y 


-0.28586 

4.26069 

-0.27312 

3.95017 

-0.23438 

4.26820 

-0.1'  .  ri 

4.09209 

-0.11134 

4.14119 

0.19267 

4.11181 

0.19564 

4.08763 

0.20366 

4.45890 

0.21553 

4.51960 

0.26867 

4.31318 

0.32644 

4.04994 

0.32792 

4.03188 

0.35401 

4.23341 

0.3'^513 

4.26006 

0.40270 

4.25122 

0.409Q5 

4.26197 

-0.29782 

4.03140 

-0.29302 

4.33459. 

-0.22731 

3.97208 

-0,22461 

4.02308 

-0.22347 

4.22550 

-0.21126 

4.29420 

-0.19904 

4.42498 

-0.16082 

4.04521 

0.24869 

4.05641 

0.26222 

4.44453 

0.26396 

4.39879 

0.34311 

3,87447 

0.38508 

3.98414 

0.^1571 

4.24366 

0.43918 

4.59639 

0.45864 

4.38919 

-0 , 37487 

4.05777 

-0,36859 

4.06861 

-0.3478? 

4.37461 

-0.31710 

3.97759 

-0.28909 

4.21209 

-0.28717 

4.23302 

-0.26850 

4.21949 

-0.25646 

4.33562 

-0.24520 

4.28929 

-0 .22714 

3.77371 

-0.21178 

4.55553 

-0.19127 

3.85527 

-0.12827 

4.12050 

L 

SIZE 

0.19C11 

12. 

-0.10337 

12. 

0.18620 

12. 

-0.00399 

12. 

-0.36785 

12. 

-0.29616 

12. 

-0.33995 

12. 

0.31240 

12. 

-0.05751 

12. 

-0.06276 

12. 

-0.43308 

12. 

0.02738 

12. 

-0.47227 

12. 

0.30320 

12- 

-0.48154 

12, 

-0.37437 

12. 

-0.36705 

13. 

-0.13C29 

13. 

-0.39253 

13. 

-0.30633 

13. 

-0.12985 

13. 

0.17265 

13. 

-0.06461 

13. 

-0.20509 

13. 

-0.49283 

13. 

-0.13117 

13. 

-0.22011 

13. 

-0.22892 

13. 

-0.28605 

13. 

0.19898 

13. 

0.29717 

13. 

-0.10235 

13. 

-0.54992 

14. 

-0.04813 

14. 

0.35630 

14. 

-0.11349 

14. 

0.10266 

14. 

0.14814 

14. 

-0.07C34 

14. 

0.03832 

14. 

-0.38860 

14. 

-0  .40197 

14. 

0.20568 

14. 

-0.21893 

14. 

70.01878 

14. 
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ooatiiwed 


AXIAL  SLICE  3. 5-4.0  INCHES 


X 

Y 

Z 

SIZE 

-0.12007 

4.27512 

0.23897 

14. 

-0.11335 

4.34504 

0.37170 

14. 

0.41274 

4.38546 

0.12512 

14. 

-0.34520 

4.40119 

0.39684 

15. 

-0.33455 

4.32626 

-0.U6957 

15. 

-0.29852 

4.09739 

0.C4964 

15. 

-0.28211 

4.28903 

0.06259 

i5. 

-0.27845 

4.33794 

0.14988 

15. 

-0.25986 

4.09096 

-0.34168 

15. 

-0  .25166 

4.26634 

-0.43304 

15. 

-0.21195 

4.26723 

0.13032 

15. 

-0.18848 

4.47967 

-0.14947 

15. 

-0.16A66 

3.85380 

-0.21816 

15. 

-0.14721 

4.12063 

-0.18799 

15. 

-0.11771 

4.15501 

0.07601 

15. 

0.21361 

4.23994 

-0.19375 

15. 

0.36161 

4.29329 

-0.05240 

15. 

0.37129 

4.21382, 

-0.23653 

15. 

-0.39171 

4.32462 

0,15681 

16. 

-0.37103 

4.04450 

-0.09196 

16. 

-0.29773 

4.43055 

0.04526 

16. 

-0.28054 

4.31127 

0.10738 

16. 

-0.22391 

4.43877 

-0.18455 

16. 

-0.2238? 

4.50753 

-0.05122 

16. 

-0.20244 

4.37956 

-0.15371 

16. 

-0.16213 

4,11348 

0.15402 

16. 

-0.15576 

4.33219 

-0.12904 

16. 

-0.15445 

4.04444 

-0.31745 

16. 

-0.11789 

4.18113 

0.11878 

16. 

-0.11675 

4.30031 

0.28224 

16. 

0.20628 

4.02262 

-0.41885 

16. 

0.21806 

4.47975 

-0.14951 

16. 

0.24188 

4.19450 

0.45C11 

16. 

0.25183 

4.17578 

-0.27310 

16. 

0.25611 

4.15136 

-0.31676 

16. 

0.41422 

4.23964 

-0.41913 

16. 

0.41597 

3.93747 

-0.26174 

16. 

0.41700 

3.91649 

-C. 13805 

16. 

-0.33290 

4.37703 

0.01675 

17. 

-0.30035 

4.14994 

0.13503 

17. 

-0.253C4 

4,01392 

0.03673 

17. 

-0.24494 

4.35925 

0.19515 

17. 

-0.21824 

4.48623 

0.07263 

17. 

-0.18970 

4.46067 

-0.19596 

17. 

-0.15201 

4.41403 

tO. 00252 

17. 
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X 

Y 

1 

SIZE 

-0.11928 

4.32573 

0.32538 

17. 

0.23970 

4.22031 

0.49305 

17. 

0.25969 

4.12648 

-0,36019 

17. 

0.31056 

4.46192 

0.19806 

17. 

0.36073 

4.26818 

-0.09570 

17. 

0.41A75 

3.91123 

-0.30448 

17. 

0.41789 

4.22157 

0.15410 

17. 

0.49G31 

4.37253 

0.24462 

17. 

-0.29538 

4.08372 

-0.28153 

18. 

-0,25951 

4.05198 

-0.26500 

18. 

-0.25637 

3.91270 

-0.24884 

18. 

-0.22443 

4.36033 

-0.20C08 

18. 

-0.16126 

4.08659 

0.11164 

18. 

-0.14869 

4.23079 

-0.07623 

18. 

-0.14825 

4.28071 

0., 01054 

18. 

-0.14747 

4.25289 

-0.03135 

18. 

-0.14180 

4.38428 

-0.1561? 

18. 

0.21449 

4.50192 

-0.10^68 

18. 

0.37251 

4.40767 

0.11355 

18. 

0.41449 

4.36398 

0.07993 

18. 

0  .41518 

4.21592 

-0.46315 

18. 

-0.39599 

4.29765 

0.11448 

19, 

-0-32086 

3.91001 

-0.47296 

19, 

-0.26719 

4,02493 

-0.30730 

19. 

-0.21981 

4.43172 

-0.06812 

19. 

0.30750 

4.64128 

0.27378 

19. 

0.37373 

4.3  8449 

0.06924 

19. 

0.38595 

4.50445 

0.23229 

19. 

-0.34625 

4.18299 

0.11782 

20. 

-0.34581 

4.15602 

0.07548 

20. 

-0.26187 

3.99858 

-0.34995 

20. 

-0.23691 

4.22053 

0.09826 

20. 

-0.23490 

4.24208 

0.14342 

20. 

-0.23473 

4.16558 

0.01^12 

20. 

-0.22277 

4.48241 

-0.09452 

20. 

-0.19049 

4.52380 

0.22221 

20. 

-0.17347 

4.05931 

0.06947 

20. 

-0.15262 

4.04259 

0.07818 

20. 

-0cl4075 

4.45776 

-0.02530 

20. 

0 . 38970 

4.48027 

0.18851 

20. 

-0.30358 

4.05914 

-0.32511 

21. 

-0.29852 

4.12320 

0.09258 

21. 

-0.20829 

4.17915 

-0.33124 

21. 

-0.17574 

4.03668 

0.02488 

21. 

-0.15934 

4.00550 

-0.18441 

21. 

fABLE  mit  l&mss  SIZE  AMD  SPAflAL  COCRPIHATES.  811CE  2>  eeartiaaed 
AXIAL  SLICE  3, 5-4.0  INCHES 


X 

Y 

Z 

SIZE 

-0.15646 

4.03228 

-0.19836 

21. 

-0.11920 

4.39963 

0.00498 

21. 

-0.11291 

4.36884 

0.41569 

21. 

0.03C19 

4.43607 

0.21152 

21. 

0.23752 

4.50288 

-0,04880 

21. 

-0.39930 

4.27834 

0.06815 

.  22. 

-0.35017 

4.55847 

0.31692 

22. 

-0.21990 

4.54792 

0.04050 

22, 

-0.21527 

4.15450 

-0.37478 

22. 

-0.15881 

4.003/3 

“0,29625 

22. 

-0.15489 

4.01887, 

0.03415 

22. 

0.24049 

4.46396’ 

-0.14129 

22. 

0.31187 

4.43611 

0.15512 

22. 

0.31257 

4.41077 

0.11194 

22. 

0.31649 

4.36201 

0.02457 

22. 

0.33613 

4.29684 

0.17128, 

22. 

-0.24756 

4.33538 

0.15121 

23. 

-0.18490 

4.32164. 

0.21475 

23. 

-0.15742 

4.08014 

-0.05414 

23. 

0.02679 

4.46087 

0.25499 

23. 

-0.24817 

4.26028 

0.02118 

24. 

-0.18656 

4.54504 

0.26753 

24. 

-0.18255 

4.57139 

0.31019 

24. 

-0.18019 

4.39767 

10.34429 

24. 

0.25375 

4.27366 

0.12697 

24. 

0.26894 

4.3650? 

0.07936 

24. 

-0.24834 

4.30818 

0,10899 

26. 

-0.18133 

4.34969 

0.25652 

27. 

-0.12583 

4.60956 

0.17754 

28. 

0.30079 

4.56327 

0.31442  , 

28. 

-0.18482 

4.37519 

Oc 29962 

29. 

-0.12007 

4.27375 

-0.09860 

29. 

-0.23281 

4.2041 1 

-0.40C62 

31. 

-0.22513 

'*.22876 

-0,35708 

32. 

-0.17C51 

4.38050 

,0.24047 

32. 

-0.14668 

4.52968 

0.21915 

32. 

-0.14686 

4.4802’ 

0.13214 

34. 

0.38421 

4.41320 

0.16705 

34. 

0.33630 

4.19070 

-0.05535 ’ 

36. 

0 .32120 

4.45864 

0.03C62 

AO. 

-0.17661 

4c  30997 

-0.11747 

43. 
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TABLE  XIYt  CLASS  SIZE  INTERVAL  WITTH  and  KIOPLST  HUMB@  COURT 


CLASS 

CLASS  DIA,(HICROHS) 

fSD-DIA. 

IffiOPLET  COIM* 

DROPLET  COUNT 

NO. 

MINIMUM  /  MAXIMUM 

(MICRONS) 

(AX.  SLICE  1) 

(AX.  SLICE  2) 

1. 

0.0 

20.3 

10.1 

0. 

0. 

2. 

20.3 

40,6 

30.4 

0. 

0. 

3. 

40.6 

63.5 

52.0 

1. 

5. 

4. 

63.5 

83.8 

73.6 

3. 

7. 

5. 

83.8 

106.7 

95.2 

6. 

37. 

6. 

106,7 

127.0 

116.8 

6. 

30. 

7. 

127.0 

144.8 

135.9 

8. 

27. 

8. 

m,Q 

165.1 

154.9 

12. 

33. 

9. 

165.1 

182.9 

174.0 

12. 

25. 

10. 

182,9 

203.2 

193.0 

20. 

25. 

11. 

203,2 

228,6 

215.9 

30. 

32. 

12. 

228.6 

246,4 

237.5 

19. 

13. 

246.4 

261.6 

254.0 

5i 

16. 

14. 

261.6 

284.5 

273.0 

19. 

16. 

15. 

284.3 

304.8 

294.6 

9. 

15. 

16. 

304.8 

325.1 

314.9 

17. 

20. 

17. 

325.1 

342.9 

334.0 

7. 

15. 

18. 

342.9 

365.8 

354.3 

21. 

13. 

19. 

365.8 

381.0 

373.4 

8. 

7. 

20. 

381.0 

4o6.4 

393,7 

13. 

12. 

21, 

406,4 

426.7 

416.5 

8. 

10, 

22. 

426.7 

447.0 

436.8 

7. 

11. 

23, 

‘1(47.0 

464.? 

455.9 

4. 

4. 

24. 

-^64,8 

490.2 

477.5 

8. 

6. 

25. 

490.2 

:;08.0 

499.1 

4. 

0. 

26. 

508.0 

523.2 

515.6 

1. 

1. 

27. 

523.2 

548.6 

535.9 

10. 

1. 

28, 

548.6 

563.4 

556,0 

5. 

2. 

29. 

563.4 

584.2 

573.8 

0. 

2. 

30, 

584.2 

607,1 

595.6 

0. 

0. 

31. 

607.1 

624.8 

615.9 

0. 

1. 

32, 

624.8 

642.6 

633.7 

0. 

3. 

33. 

642.6 

662.9 

652.7 

1. 

0. 

34. 

662-9 

685,8 

674.3 

0. 

2. 

35. 

635.8 

703.6 

694.7 

0. 

0. 

36. 

703.6 

726.4 

715.0 

0. 

1. 

37. 

726.4 

744.2 

735.3 

1, 

0. 

38, 

714.2 

762.0 

?53a 

0. 

0. 

39. 

?6>2.0 

784.9 

773.4 

1, 

0. 

40. 

7C4.9 

807.7 

796.3 

0, 

1. 

41. 

807.7 

823.0 

8I5.3 

A 

0. 

42, 

823. 0 

845.8 

834.4 

1. 

0, 

43. 

84;;.  8 

i/66,1 

855.9 

0, 

■4 

44. 

866.1 

853.9 

875.0 

0. 

0. 

45. 

86:1.9 

904,2 

/394.O 

0, 

0. 

46, 

904,2 

922.0 

913.1 

1. 

0. 

47, 

922,0 

9^^7.4 

934.7 

0, 

0. 

48, 

047,4 

067,? 

957. 5 

0. 

0. 

CLASS 

NO. 

1. 

2. 

3. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14, 

15. 

16, 

17. 

18. 

19. 

20. 
21, 
22. 

23. 

24. 

25. 

26. 

27, 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 


TABLE  XVl  nBOBLET  DIS'P»TTO1TTnN  DATA.  SLICE  1 


IglOPLEr  HO. 
FRACTION 


CUM.  VOL, 
FHACTIOT 


VOLUME 

FRACTION 


0.00368 

0.01103 

0,02206 

0.02206 

0.02941 

0.04412 

0.04412 

0.05*353 

0.11029 

0.08456 

0.01838 

0.06985 

0.03309 

0,06250 

0.02574 

0.07721 

0.02941 

0,04779 

0.02941 

0.02574 

0,01471 

0.02941 

0,01471 

0,00368 

0,03676 

0.01838 


0,00001 
0,00011 
0,00052 
0,00129 
0,00290 
0,00649 
0,01156 
0,02  11 
0.04735 
0,07208 
0,07865 
0.10970 
0.12818 
0.17081 
0.19175 
0.26675 

O.3OOI8 
0.36386 
0.4102? 
0.45711 
<  .48753 
0.55745 
0.59737 

0.60837 

0.73190 

0.80089 


0.00001 

0.00010 

0,00042 

0.00077 

0.00161 

0.00358 

0.00507 

0.01155 

0.02423 

0.02473 

0.00658 

0.03105 

0.01848 

0.04263 

0,02094 

O,O75C0 

0,03343 

0.06368 

0.04641 

0.04684 

0,03042 

0.06991 

0.03992 

0,01100 

0.12354 

0.06898 


0.00368 

#  •  • 

0.82321 

•  •  • 

0.02232 

*  •  # 

•  •  t 

•  •  • 

•  •  ^ 

•  0  • 

•  0  • 

•  •  • 

0.00366 

0.85512 

•  •  • 

0.03191 

#  •  » 

•  •  ♦ 

0,00368 

9  9* 

0.89226 

•  •  • 

0.03714 

•  •  * 

9  9  9 

0.00368 

•  •  » 

•  •  • 

0.93889 

«  •  • 

•  •  • 

0.04663 

999 

f  «  i 

«  •  • 

f  »  • 

«  •  » 

•  •  • 

•  t  « 

0.00368 

•  •  • 

l.OOCOO 

9  *  * 

0,06111 

t  •  • 

«  ♦ 

9  *  * 

•  •  « 

1?1 


CLASS 

NO, 

1. 

2. 

3. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

l^^. 

15. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 

23. 

24. 

25. 

26. 
27. 
2b. 

29. 

30. 

31. 

32. 

33. 

34. 
35: 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 


TABLE  XVI*  BROLW  DISTRIBUTKat  DATA.  SLICE, 


DROPLET  HO. 
FRACTION 


CUM.  VOL. 
FRACTION 


VOLUME 

FRACTION 


•  •  • 


0.01250 

0.01750 

0.09250 

0.07500 

0.06750 

0.08250 

0.06250 

0.06250 

0.08000 

0.04750 

0.04000 

0.04000 

0,03750 
0.05000 
0.03750 
0.03250 
0.01750 
0.03000 
c. 02500 
0.02750 
0.01000 

0.01500 

#  •  # 

0.00250 

0.00250 

0.00500 

0,00500 

«  «  • 

0.00250 

0.00750 

•  •  • 

0.00500 

•  •  # 

0.00250 


0.00006 

0.00030 

0,00301 

0.00707 

0.01282 

0,02324 

0,03441 

0.04968 

0.07700 

0.09860 

0.12085 

0.14849 

O.I8IO5 

0.23406 

0,28149 

0.33057 

0.36149 

0.42363 

0.48495 

0.56277 

0.59493 

0,65036 

«  •  » 

0.66199 

0.67505 

0.70422 

0.73623 

•  •  • 

0,75611 

0.82089 

•  • 

0.87293 

•  •  • 

0.90394 


0.00006 

0.00024 

0.00271 

0,00406 

0.00575 

0,01042 

0.01118 

0,01526 

0.02733 

0.02160 

0.02225 

0.02764 

0.03256 

0.053C2 

0.04742 

0,04908 

0.03092 
0.06214 
0.061  V 
0.077(1 
0,0321* 

0,05543 

•  #  ♦ 

0,0116) 

0.01306 

0.C2917 

0,J3206 

V  r  • 

0.01983 

0.06473 

«  •  t 

0,052v')4 

•  •  • 

0,03102 


0.00250 

•  e  • 

•  •  t 

0.00250 


•  •  • 

«  •  • 

«  •  • 
•  «  t 


0.94679 

•  •  « 

•  •  • 

1.00000 


•  •  « 
•  •  • 

»  •  • 
V  •  • 


0.04284 

•  »  • 

•  t  • 

0.05321 


«  •  • 

•  t  • 

•  •  • 

»  «  • 
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TASLg  xnit  HgAH  UIAKETSSS-^OTAL  mOPLST  COUBT 


GALCDUTED  HEAH  PIAKB'TO 

Average  Dlaaeter, 

Surface  Biaaeter,  B^q 
VoloEie  M^n  Dlaaeter  • 
Sauter  Mean  Dlaaeter,  D^^ 
Maes  Median  Diaaeteir',  D^^ 
Maea  Mean  Dlaaeter ,  % 

Total  Droplet  Count 


SLICE  1 

SLICE  2 

299 

241 

328 

275 

358 

309 

425 

390 

420 

494 

4o6 

272 

400 

GR4PXSI  m  ANALYSIS  AND  DISGSJSSION  0?  HSULTS 
1,  GanesaX  Disettssion 

Appillcation  ef  ths  heXogratiiic  teahfti^u®  pecraits  oan  to  sise  drop¬ 
let's  Eod  obtain  the  apEtial  ooordiaatee  isf  the  droplets  -iiihoiTt  fiistnr- 
biBg  the  flte?  field*  Although  hciegrajaiy  fcdde  a  ftsv  diasasion  to  tha  ac¬ 
quisition  of  data,  there  arc  liaits  ae  to  the  rssolntlca  of  the  data  cad 
the  spsed  as  object  saa  lave  and  atlH  be  ro3(^vablee  The  hoiogra^iic 
equijsent,  the  saaner  ia  which  the  hologSEa  itj  takes  and  the  sc<25s  (sta¬ 
tic  or  dynaaic)  all  have  a  bearing  en  the  achi^^vable  resolutieae 

Prior  to  this  invosti^tisn.  «o  other  investigation  was  known  to 
have  applied  holograj&y  to  the  breakup  of  a  liquid  jet  in  a  supersonic 
gas  strsan.  The  atte»pfc  ia  the  pra&ent  effort  was  to  obtain  droplet 
data  in  the  nsar-fiald,  breakup  region  of  the  jet,  in  eoatrast  to  the 
droplet  data  of  Bltroa'^^^  a».  Volyn*Kiy^^\  >;hich  was  obtadaed  in  the 
far-field  after  jot  breakup  was  eenpleted  end  the  gas  velecity  becaao 
subsonic  again.  However,  supaxsonic  droplet  dfeta  was  not  retrievable 
in  this  investl^tion  for  the  following  rsaseusj  (1)  the  apparent 
fineness  of  the  spray  or  droplet  sizeo  was  less  than  the  r®8 elution 
capability  of  the  holegraphic  rscordisg  systen,  approxiaately  15  ai- 
cronsj  and  (2)  the  droplets  jaovad  ©n  the  order  of  10  to  25  aicrans 
within  the  50  nanosecond  pulse,  resulting  in  ioixge  acear.  Matthews ^ ^ , 
in  a  recent  Investigation  on  JP‘4  fuel  injected  psrpendicularly  into 
gas  streaas,  whose  velocities  ja&ged  froa  200  to  800fps,  6ae®uater<jd  a 
similar  situation  and  drew  the  saae  conclusiens  why  droplets  ware  sot 
discernible.  He  was  able  to  obtain  drop  size  information  ia  gas 

streaas  whose  velocities  were  below  400fpj,  but  he  did  act  characterize 
the  sprays. 
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In  ths  subsequent  sections  of  this  clmpter,  jst  aaplitude  and  wave¬ 
length  data  obtained  in  the  supersonic  flow  fields  and  dro^et  data  ob¬ 
tained  from  a  jet  injected  into  sti?.l  air  are  analyzed  and  discussed, 

2,  Liquid  Jet  Injection  into  a  Supersonic  Streais 

a.  Liquid  Jet  Aahlitudet  The  jet  aa^it‘.'.de  data  present©!  in  Chap¬ 
ter  VI  was  reviewed  for  correlation  piirpooes.  The  investigation  coa- 

(21) 

ducted  by  Catton'  •'  et,al,  <m  jet  penetration  revealed  that  penetra¬ 
tion  was  doainated  by  Inertial  forces.  Considering  this,  a  aodel  was 
assuaed  for  aaplltude  variation  tesed  on  distance  from  the  injection 
point  and  dynamic  pressure  ratios 


where  C,  N  and  M  are  correlation  coefficients. 


(31) 


A  noallnsar  regression  analysis  waa  conducted  to  deteraine  the  values 
for  the  coefficients.  The  resulting  equaticsn  which  characlie'^f’ed  jet 
simplitude  behavior  is; 

1.146  -0.^28 

A  =  0.246  (  3  )  (q)  (33) 


The  observed  amplitudes  from  all  five  teat  liquids  are  plotted  against 
the  amplituds  predicted  by  equation  (32)  in  Figure  45^,  Onc  can  se® 
from  the  data  scatter  about  the  line  In  tbs  Figure  that  liquid  physical 
property  effect  on  aapiitisdo  behavior  cannot-  b®  dificoraed^  This  would 
lead  one  ’o  ccncluds  that  amplitude  behavior  under  tlu  flow  conditions 
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OBSERVED  AMPLITUDE  A/ 


MoO—o 
iniCH— o 
l-nEOf^— A 
M£TH';-0L— V 


Figure  45.  OBSERVED  VS  PREDICTED  AMPLITUDE 
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of  the  te&ts  parforsed  is  jeredoeliiatalyf  if  not  solely,  doe  to  iaertial 
forces,  Tha  fact  that  the  Heher  miabers  for  all  te^ts  were  0(10  )  sub¬ 
stantiates  the  dc^inating  role  of  inertial  forces  ever  enrfaee  teasi^ 
fetrees. 

As  seationed  in  Chapter  VI ,  the  aa^itude  data  v&a  retrieved  fr^ 
photographs  of  holograats  taken  of  t^/^  flow  fixate,  IVf'  h^eg^sis  pro¬ 
vide  an  iostantanaous  (50  iKuiosecopd  poise)  record  of  the  flow  fields. 

High  speed  aovles  (5000  fraae/secoad)  taken  of  the  flow  fields  of  this 

(12) 

investigation  and  by  McBae'  '  reveal  that  the  jet  in  flncta&tiag  ^aite 
rapidly  during  the  breakup  process.  When  an  isstactaseous  record  is 
taken  of  the  lnte‘*action  flow  the  jet  say  be  at  aasisna  or  aini- 

BBUB  penetration  or  soaewhere  in  between,  This  could  aceoimt  for  soae 
of  the  scatter  in  the  data.  The  nean  penetration  trajectory  which 
posses  throu^  the  wav©  trouts  of  the  jet  is  ohown  in  Figure  htn.  The 
equation  for  this  slallarity  or  universal  curve  isi 

y  -  2.64(q)°*^°  la(l  -»  O.hhx)  {32a) 

where  x  =  x  and  y  »  y  ^ 

do  do 

This  penetration  equation  was  postulated  to  be 
_  jci  _ 

y  »  Cq  ln(l  +  ]^)  (32b) 

The  values  for  C,  n  and  B  were  obtain^  by  conducting  &  nonlinear  re¬ 
gression  analysis  on  penotrjiti<Hi  data  obtaissd  from  tha  i^iGtographs  of 
the  hdograM  of  the  flow  fields.  The  paastration,  y,  was  aeasured  a.v 
three  axial  positions,  x  «  5,  15  and  30,  downstreas  fros  the  iejeotif^n 
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point  for  ^ch  of  the  25  teetff.  By  aorEalizing  the  penetration »  y* 
values  ?dth  the  corresponding  dynaislc  pressure  ratio  to  the  1/2  power 
for  each  test,  the  universal  trajectory  of  Figure  46a  teas  obtained.  The 
data  points  at  the  three  axial  locations  are  shown  in  the  Figure.  Here 
again  thd  data  is  not  distlnguishahie  by  liqtuid  type.  This  is  consistent 
with  Cattoa's  findings  ii  his  penetration  studies.  The  data  scatter  is 
ttCHSt  likely  due  to  the  fluctuating  nattire  of  the  jet  breakup  and  the 
fact  that  the  holograas  provide  only  an  Instantaneous  record  of  a  ilae 
varying  phencaena. 

The  aaplitude  data,  and  also  the  wavelength  data  tdiich  will  be  dls*” 
cussed  la  the  next  sect',  v.  are  presented  in  terms  of  distance  along  the 
jet  trajectory,  S,  ar  ciynajaic  pressure  ratio,  q.  Jot  penetration  data 
la  ncr/dally  press.. tea  in  terac  of  nondluensionalized  Cartesian  coordi¬ 
nates  X  and  y  and  Jynaalc  prejsaure  ratio.  In  order  to  relate  amplitude, 
wavelength  and  penetration  data  their  coordinate  systei®  need  to  be  re¬ 
lated,  This  is  accomplished  by  perforalng  a  line  integration  with  the 
penetration  equation  to  determine  the  length  of  the  jet  trajectory  for 
a  given  downstreaa  distance,  x»  or  penetration,  y,  for  known  q.  The 
line  integral  equation  Is  obtained  as  faLlowst 
Start  the  penetration  equavion 

-  — 

y  «  Cq  ln(l  +  Bx)  (32b) 


The  n<»iiii«e^jisionallzed  line  integral  can  be  written  in  the  form 

,1/2 

S  ^  I  II  +\^\  1  (32c) 


n 

V 

1  + 

£ 

2" 

dx 

— 
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BiffersQti&te  equation  (321))  and  su1)3tlttite  into  equation  (32c)  to  olatals 


S 


(32d) 


The  -values  for  C,  n  and  B  vero  sutetittsted  late  equation  (32d)  fro^ 

(32a)  and  a  nuuerical  integration  wis  perfosaed.  to  obtain  Fipuce  ^b. 

A  siallarity  ettrve  for  S  oas&ot  be  obtained  by  nocnalieing  equation 
JB  jx 

(32d)  Kith  q  since  q  renains  impllolt  in  the  integral  oxpaee&sioa  for 
S.  Figures  46a  and  46b  can  be  used  to  relate  data  given  in  Cartesian 
coordinates  to  dletsince  along  the  jet  trajeoloxy  for  known  dynasic  jpres* 
sure  ratio.  Having  S  and  q,  amplitude  variation  can  then  be  predicted 
froa  equation  (32). 

The  details  of  the  jet  characteristics  on  the  windward  sMe  of  the 
jet  were  vividly  visible  in  the  3  x  10  photogsatdis.  An  oxaapl®  of 
those  details  is  shown  in  Figure  47,  The  clearness  of  the  jet  chaxac* 
terlstics  is  attributed  to  the  extreaely  short  pulse  of  the  laser  (50 
naiioseconds)  and  the  fact  that  the  holograa  was  taken  on  a  lil  corres¬ 
pondence  (full  sise).  Due  to  the  clartty  of  the  jet  charaoterlstlcs , 
retrieval  of  the  data  froa  the  photographs  was  readily  and  acourately 
obtained.  The  shadowgraphs  taken  by  HcRae^^^^  and  Dowdy  and  Mewton^^^^ 
in  their  investigations  did  not  produce  the  details  of  the  jet  charac¬ 
teristics  that  were  obtained  in  this  investigation.  Another  itea  of 
interest  found  in  this  inveatl^tion,  which  was  not  apparent  froa  the 
shadowgrai^s  of  the  other  investigations,  is  tbat  practically  s?.l  the 
jets  had  a  blmodal  aaplitudo.  That  is,  every  other  crest  instead  of 
each  crest  can  bo  related,  A  close  look  at  Figure  4?  will  reveal  this 
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biaoial  ssplitude  behafior.  For  the  safes  of.  slajO-icity  oaly  the  first 
2oie  aaplitode  data  was  analyzed* 

b.  Liquid  Jet  Wavelengthi  An  approach  stailar  to  the  one  tefees  in 

the  analynis  of  the  anpOLitudo  data  uas  taken  in  the  analysis  of  the 

vavelen^h  data*  The  modeling  eqtiation  assoned  had  the  sane  fora  as 

1 

the  aapLltnie  equation: 


The  values  for  Cj  N  and  H  wore  obtained  froa  a  nonlinear  regression 
analysis  perforaed  on  the  data.  The  resulting  ^uation  which  characteri¬ 
zed  wavelength  behavior  is: 

1.361  -0.720 

A-  1.748(3)  (i)  (34) 


The  observed  wavelength  data  for  all  the  liquids  is  plotted  against  the 
wavelength  prer  ’cted  by  equation  (3^  )  in  Figure  48,  Siallar  to  the  aa- 
pLitude  data,  one  cannot  Isolate  wavelength  behavior  by  liquid  tsrpe. 

The  data  scatter  for  wavelength  is  greater  than  that  for  aaplltude. 
Perhaps  wavelength  variations  are  more  sensitive  to  jet  penetration 
fluctmtions  than  are  amplitude  variations. 

The  jet  wavelengths  and  amplitudes  behave  similarly,,  That  is, 
both  increase  with  increase  In  distance  from  the  injection  point  and 
decrease  with  Increase  in  dynamic  pressure  ratio,  q,  A  relationship 
between  wavelength  and  amplitude  can  be  drawn* 
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Figure  48.  OBSERVED  VS  PREDICTED  WAVELENGTH 
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Thsre  aw  3cae  analyses ,  Harrey^*^^ ,  Hayer^^^^  and  Ad^beig^^^^ ,  idiich 
postnlate  that  droplets  feraed  as  a  result  of  Jet  hreafop  are  a  func¬ 
tion  of  wavelength  only.  Perhaps  wave  aapOLitoie  plays  a  part  in  drop 
size  distrihution.  In  li^t  of  the  ;Jet  characteristics  showing  nore 
than  one  aeplitude  nodet  the  drop  size  distrihutiem  aay  be  related  to 
these  nodes,  Jnfortunately,  droplet  data  vrjs  not  retrievable  from  the 
hologiaHS  of  the  supersonic  flow  field,  and  to  pursue  these  thoughts 
analytically  is  beyond  the  scope  of  this  investigation. 

In  this  section,  and  in  the  previous  <me  on  aaplitude,  an  attaapt  to 
characterize  the  jet  behavior  by  aodel  oquatieaa  was  sade,  Pigu3»3  45 
aad  48  presented  the  observed  vs.  predicted  an^itude  and  wavdeagth, 
respectively,  Suppleaental  figures  aad  discussion  rogardliig  the  behavi¬ 
or  of  these  two  Itezs  with  respsct  to  trajectory  dlstasco,  Sj,  asd  dyna- 
nle  pressure  ratio,  q,  are  proeonted  ia  Appendix  V. 
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3.  Llonid  Jet  In.iecti<ai  into  Stm  Air 


a.  Droplet  Siatial  Dig^irioution i  The  spisy  resulting  fros  a  cylin¬ 
drical  jet  can  be  characterized  in  the  axial  arid  jradial  directicn^  fros 
the  injection  point.  The  axial  position  chEracterization  will  be  dis¬ 
cussed  in  the  next  subsection.  Drop  size  and  Hass  distribution  in  -Hie 
radial  direction  for  each  of  the  two  axial  regions  denoted  in  Chapter 
VI  will  be  discussed  in  this  subsection. 

The  inr+iai  endeavor  at  characterising  the  spray  in  the  Tadlal 
direction  atteapted  to  produce  dro^et  class  siie-positional  coordinate 
plots ^  These  plots  were  output  from  the  PR-472  coBputer  psrograa  des¬ 
cribed  In  Chapter  V,  Sxh  of  the  two  axial  regions  of  the  spray  was 
treated  as  an  infinitely  thin  slice j  hence,  the  resulting  positional 
infonaation  for  each  region  becane  twc-diiaensional.  Each  plot  repre¬ 
sented  a  plane  perpendicular  to  the  jet  longitudisial  axis;  the  abscissa 
and  ordinate  represented  the  coordinates  of  the  piane.  Each  class  size 
was  identified  by  different  symbols  (up  tc  5  classes  per  plot)  and  the 
droplets  in  each  class  were  plotted  according  to  their  positional  coor¬ 
dinates,  These  plots  were  reviewed  to  determine  if  contour  lines 
joining  the  droplet  class  size  symbols  could  be  drawn,  or  if  the  drop¬ 
lets  congregated  in  regions  according  to  their  size.  Two  observations 
were  made  when  the  pilots  were  reviewed  i 

1)  The  dropdets  app)eared  randomly  dispersed.  That  is,  segre¬ 
gation  according  to  drop  size  was  .lot  detectable,  d::oplets  of  a  given 
size  did  not  congregate  in  isolated  regions  and  spatial  stratification 
of  the  droplets  by  size  was  not  evident.  Hence,  meaningful  contour 
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lines  cooM  cot  be  drajtn. 

2)  The  solid  cars  of  the  horiscntal  .jet  blocked  those  droplets 
in  front  and  behind  the  jet  in  a  profile  view.  Oiiij  those  droplets  a- 
bove  and  below  the  core  were  visible  in  the  holograa.  The  ex^anation 
for  this  is  that  traasaission  holography  is  a  back  lighting  technique 
which  silhonettes  the  objects.  The  core  of  the  jet  overshadowed  the 
srall  droiiets  which  are  closely  dispersed  about  the  core,  rendering 
these  droiiets  mdetectable,  althou^  they  scattered  scae  of  the  laser 
li^t.  This  pr '.blen  was  not  encountered  where  the  solid  core  of  the  jet 
was  nonexistent. 

The  radial  characterisation  of  the  droplet  data  vas  then  ac- 
ccaplished  as  follows j 

1)  The  orifice  radius  (,053  inches)  was  used  as  the  reference 
dinension  for  deteralning  the  spreading  of  the  sprayi 

2)  The  transverse  coordinates  for  each  droplet  in  a  given 
aixial  slice  (aigain  assuaed  infinitely  thin)  were  used  to  calctOate  the 
nagnitude  of  the  position  vector 

R  Jx^  + 

3)  The  droplets  were  then  jlaced  in  the  proper  annuli  accor¬ 
ding  to  the  magnitude  of  their  position  vectors.  The  spacing  between 
the  annular  rings  was  in  terns  of  the  orifice  radius* 

Position  Radius,  R^  «  ,053  (orifice  radius) 

"  "  fi^  -  ,107  (Rg  -  2R^) 

"  “  R^  -  ,160  (R^  - 

•  • 

•  • 
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4)  Tlie  droplet  class  8ize>mi3£ber  ccnmt,  voSn^  fraction  and 


cosalative  volcse  fraction  vare  then  deterained  for  each  annulus. 

Tbs  arrange»e33t  of  tha  data  as  deterained  hj  the  procedure  explained 
above  is  presented  in  Table  XX,  These  data  are  also  plotted  in  ?ig- 
ures  49,  50  and  5i*  TlJe  droplet  nruaber  count  and  vdliute  faaction  in 
each  annulus  are  pLctted  a^inst  the  aid-position  radius  while 
the  cuBulative  vdluxe  fraction  is  plotted  against  the  gaxIuuK  position 
radius.  It  is  sore  seaningful  to  present  the  data  in  this  Banner. 

One  can  observe  the  following  froa  the  Table  and  Figures  1 

1)  The  data  is  well-behaved  and  aonotonic  in  nature.  The  nua- 
bar  of  droplets  and  voluae  fraction  increase  to  a  peak  and  then  de¬ 
crease  with  increase  in  radial  distance, 

2)  The  radial  spreading  of  the  droidets  is  greater  at  the  lon¬ 
ger  axial  slice,  2, 

The  droplet  nunber  and  ebss  distribution  in  the  radial  direction  fer 
both  axial  regions  are  statistically  significant,  A  Chi-s<iuaxo  geod- 
ness-of-fit  test  was  applied  to  the  data  to  cake  this  deteraination. 

In  axial  olice  1  there  were  272  droplets.  These  droplets  occurred  in 
iO  arnuli  or  intervals.  Applying  the  Chi-square  criteria,  to  those  con¬ 
ditions,  only  12  droplets  would  be  needed  for  955^  confidence  (17  drop¬ 
lets  for  995S  confidence)  that  the  radial  distribution  of  the  data  is 
neaningful.  In  axial  slice  2  there  were  400  droplets.  These  droriets 
occurred  in  12  annuli  or  intervals.  Again,  applying  the  Chi-square 
criteria  to  these  conditions,  approxinately  20  droplets  would  be 
needed  for  9^  confidence  (30  droplets  for  995^  confidence)  that  the 
radial  distribution  of  the  data  is  aeemingful. 
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Figure  51.  Radial  DlstrJ.bution ,  Cuaulatlve  Volume  Fraction 


192 


Since  there  is  a  di^plet  size  distribotlon  vlthin  each  dhauluef 
one  can  calculate  the  <93x1008  s^ean  dlaxeters  for  each  annulus^  A 
vaxiatiea  in  topase  mean  diaaaters  will  occur  asong  the  aunuli»  htii  is 
this  <?Brlation  statistically  significant?  In  other  words,  is  there  a 
seanisgfol  variation  in  sean  droplet  diaaeter  froa  annulns  to  annulus? 
Here  the  situation  is  different  fxon  the  radial  nuaber  and  i^s  dis¬ 
tribution,  since  the  nuaber  of  class  sizes  in  which  the  droplets  occur 
and  span  nust  be  instead  of  the  aimuli*  Table  ZXI 

the  nuaber  of  class  sizes  spanned  by  the  droplets,  droplet  nm'h>r 
count  and  the  calculated  ”30  in  each  annxilus*  Application  of  the  Chi- 
square  criteria  revealed  an  insufficient  nimber  of  droplets  existed, 
for  the  class  size  range  in  each  annulus,  for  955S  coT^ldenc©  that  the 
variation  in  with  radial  position  was  slgnlfin.'at.  Even  by  re¬ 
grouping  the  droplet  data  and  .decreasing  the  c&^ifiienae  level  to  90^ t 
application  of  tl-^  Chi-square  test  Indicated,  again,  there  was  an  In- 
sofflclont  nuBber  of  droplets  to  state  posHl'^y  that  a  radial  vari¬ 
ation  in  nean  diaceter  occurs. 

Ar  noted  above,  some  of  the  ureplets  wore  blocked  by  the  solid 
core  of  the  liquid  Jet,  An  analysis  was  conducted  to  deteralne  if  the 
diwplet  aass  oontalaad  in  the  portion  of  each  annulus  blocked  by  the 
Jet  core  was  significant.  It  was  not,  Kaxinu*  change  in  droplet  vol- 
uae  (sass)  in  any  annulus,  due  to  spatial  area  correction,  was 
which  Is  within  the  accuracy  of  the  data.  The  correction  eethod  Is 
explained  in  Appendix  IV, 

Droplet  35(.ze  Dlstilbutiont  After  investigating  the  radial 
dlstrlbation  of  the  droplets,  their  corresponding  spatial  coordinates 
were  deleted  froa  the  data  sets.  Size  distribution  of  the  droplets  in 
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each  axial  slice  was  then  investigated,  and  this  is  the  topic  of  dis¬ 
cussion  in  this  suteection.  The  atusber  distrihutisn  (frequency  dia¬ 
gram)  for  the  droplets  in  slices  1  and  2  are  shown  in  Figures  52,  53 
and  5^,  A  look  at  Figures  52  and  5^  will  reveal  the  followingt 

1)  The  nuaber  of  droplets  in  each  diameter  class  size  in¬ 
creases  Bonotonically  to  the  aodet  after  that  there  is  scatter  in  the 
data.  This  appears  to  be  a  typical  behavior  of  droplet  data,  since 
other  investigators  have  experienced  similar  results, 

2)  The  mode  for  slice  2  is  95  microns  as  compared  to  216  mi¬ 
crons  for  slice  1.  Since  slice  2  is  farther  from  the  injection  point 
than  axial  slice  1,  the  inference  is  that  the  droplet  sizes  decrease 
with  increase  in  distance  from  the  injection  point.  This  would  lead 
one  to  believe  that  jet  core  size  has  am  effect  on  the  resulting  drop¬ 
let  sizes.  As  the  droplets  au?e  shed,  the  core  size  becomes  smaller 
until  finailly  the  jet  is  completely  broken  up  into  droplets. 

Figure  53  shows  the  resulting  .-troplet  frequency  when  the  last  5  drop¬ 
lets  are  regrouped  into  one  claiss  size  interval.  The  purpose  for 
doing  this  is  to  reduce  the  scatter  of  the  data.  The  effect  will  be 
discussed  below. 

As  previously  mentioned  in  this  treatise,  four  known  distribution 
functions  (Log-Probability  (L-P),  Upper-Limit  (U-L),  Nuklyaroa-Tanasawa 
'N-T)  amd  General  Exponential  (GE))were  selected  to  model  the  data  to 
determine  if  any  of  them  could  be  used  to  characterize  the  spiray. 
Initially,  these  models  were  written  in  terms  of  volume  fraction  deri¬ 
vative  and  cumulative  vc'urae  fraction.  The  data  was  nonaalized  by  the 
droplet  total  volume  which  was  the  standard  procedure  followed  by  pre¬ 
vious  Investigators,  However,  this  caused  problems  in  curve  fitting 
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Figure  5^,  Frequency  Dlagraa,  Slice  2,  Actual  Data 
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tbs  aoddis  to  tbs  datR.  Tbs  droplet  volcafis  predicted  07  the  zodels 
vers  srch  gzeater  tbzs  tbcss  cf  tbs  data  sisce  the  dlstrlbatlo  £uss- 
tioas  vere  integrated  frcai  C  toOO  whereas  tbs  data  was  sasaed  to  a 
glT^  saxisQXc  dlaaeter.  This  problea  was  cbsen^  when  the  coeffi" 
dents  obtained  froa  the  cnsnlative  yolnae  fraction  (C??)  sodels  were 
not  tbs  saas  as  or  eqoal  to  those  obtained  froa  ti^  voilia^  fracticei 
derivative  (yWD)  aodels.  The  coefficients  frca  these  acdels  sbodid  be 
the  sase,  since  the  TFit  zodels  are  the  derivatives  of  the  CF7  sodals 
and  etmverselyt  the  C?V  models  are  the  integrals  of  the  IFD  zodels. 

The  problea  was  di Rinat ed  ty  writing  the  sodels  in  teras  of  volnse  for 
carve  fitting  to  the  data.  See  Appendir  H,  Afta:  the  coefficients 
were  obteiinedf  the  equatltnis  were  converted  to  volane  fraction  and 
cnsolative  velaae  fracti<m  by  ncmalizing  then  with  the  total  vdlTiae 
predicted  by  the  models.  The  data  was  also  norjsalized  by  tte  sodel 
predicted  voloBe,  The  procedure  described  above  is  a  more  accurate 
way  of  curve  fitting  the  data  than  had  been  done  previously.  Conver¬ 
sion  to  the  voluze  fraction  derivative  and  cunulative  volane  fraction 
was  done  to  present  the  inforaation  in  a  fanlllar  nanner. 

The  best  results  were  obtained  with  the  Log-Probability  and  aodi- 
fied  General  Exponential  fanctions,  as  detenained  froa  the  KM-203 
Nonlinear  Regression  Analysis  coaputer  program.  For  the  data  in  this 
investigation,  the  U-L  function  collapsed  to  the  L-?  function,  of 
which  it  is  a  aodified  version.  The  U-L  function  has  3  coefficients 
while  the  L-P  function  has  2  coefficients.  The  program  indicated, 
throng  the  t-statlstlcs  for  the  coefficients,  that  a  3*^oefficient 
function  was  overpaiametorized  for  the  data.  Another  finding  was  tl>at 
the  N-T  and  GE  fimctions  were  very  sensitive  to  the  data  set,  Many 
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lter2:ticE£S  nsrs  Teqzdrsd  Scs  eearer^eage  ira^xaiess  of  tbs 
estisEtes  of  ibe  coeff idazsis.  settSzis  tbs  cceff icissit  of 


GS  ftsction  ^oal  to  mz,  tins  sicdlfylag  tbs  ftectios  szd  zaSsdag  -Uis 


mnfoer  of  coefficigJts  to  tKo,  this  ftnagtloa  ccnTexged  aors  22«4dlj 


than  fef ore  yiddsd  tbs  best  cbazgoterizatioa  cf  tte  Sis 

z^soltiag  eqcstlcEi 

(35) 


"  Wi 


dB  1  (p  ■*■  i)/o  ^ 

Tfas  v&lxLes  of  tb»  coefficiects  for  tbs  L-?  azsd  modified  GS  facctions 
axe  5Tese!ilei  in  Table  XXTI«  The  differcaces  in  the  Tsinss  for  tbs 
cnmlative  volmte  and  volnns  derivati-re  rodels  fox  a  given  distribertitai 
functi<Hi  are  attriboted  to  rotmd  off  errors  and  errors  in  tbs  approxi- 
lation  nrocednra,  Alsot  tbs  ctamlative  voltuse  sodel  accnralat^  error 
in  each  class  size  infceirval.  Also  nressited  in  the  Table  is  pertinent 
statistical  inforcation.  One  can  observe  the  foilovingj 

1)  The  per  ceirt  variation  of  tbs  data  explained  by  tbs  volnse 
derivative  is  poor.  This  is  attributed  to  the  scatter  in  the  data, 

2)  There  is  less  data  scatter  in  axial  slice  2  than  in  slice 
i.  Regrouping  of  the  data  reduces  the  scatter  and  iaproves  the  per 
cent  variation  explained  by  the  volune  derivative  aodels.  The  coef¬ 
ficients  for  the  original  (actual)  and  regrouped  data  are  quite  sini" 
lar. 


3)  There  is  excellent  agreenent  between  the  cunulative  vol- 
una  models  and  the  data^ 

The  statements  made  relative  to  slice  t  and  2  data,  the  effect  of  re¬ 
grouping  the  data  and  characterization  of  the  data  by  the  volume  frac¬ 
tion  derivative  and  cusiulatiTe  volum®  fraction, ar«  substantiated  in 
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3  *  S,  D  and  V  and  q,  p  and  V  nro  oooffioionto  In  tho  Log-ProbaMllty  Riul  Qaneral  ffixponeniial 
equations,  rospootivoly,  prosontod  in  Appendix  II, 

P-Ratio  **  Confidence  level  for  all  P-Ratioo  io  99»9?^>« 


Fisnres  55  tiiroGsji  6l,  'Z^aiLat-ed  oulpui  ccrrespcoiirg  to  Figinres  59 
s>.rG  6i  are  rrsssited  in  Ziaoles  Mlil  azri  ZZIY,  rsspectiv^j, 

c«  Iltrcrglet  Teioeity  ard  StaMlityt  Eroplst  veiceitj  sas  cal- 
colated  frees  tise  atomesLga  eocatica 


F  a  d? 
dt 


(37) 


Ccssszast  canjislet  asss  sas  assraed,  (a  =*  P^) 


Brag  CES  a  droplet 
a 


(33) 


H^Iect  gravity  effect. 
Sobstitnte  isto  eqnaticzi  (37) 


=  jriP?,  1^1  (39) 

lat^rate  equation  (39)*  Ose  the  initial  oonditicH»  that  at  t  »  0, 
y  *  ^injec^<on*  eltainate  t  t  »>  x/v.  The  resulting  equation 


is 


^1  ^  5^  „]  ^injection, 

I  p,D 


(40) 


where  Cjj  was  assured  constant.  Actually  =  f(Re),  An  analysis  was 


conducted  with  Cp  as  a  variable. 


CN 

o 
Re^ 


(41) 


where  C  rt  ^ 
o  *^0 


24 

9,06 


This  expression  for  drag  coefficient  was  obtained  from  Ahrahaa 


(74) 


and 


gives  excellent  correlation  with  data  for  0-^Re-^  5000,  A  closed  for® 
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VOLUME  FRRCTION  DERIVRTIVE 
ji.oaooo  o.QOino  o.onaao  0,00300  0,00400  o,oosoo 
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MODIFIED  GENE  EXP 
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Figure  58.  Droplet  Data  Distribution  and 
Model  Prediction  Curve 
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LOG  PROBABILITY 


O 


MPX  DIPMETER  (  MICRONS  ) 


Figure  59.  Droplet  MU  Distribution  and 
Model  Prediction  Curve 
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Figure  60,  Droplet  Distribution  and 
Model  Prediction  Curve 
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Figure  61.  Droplet  Data  Distribution  and 
Model  Prediction  Curve 
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soltrlion  ios  obtained,  Hoxever,  tbs  Increased  ccarcleacity  'cj  intro¬ 
ducing  Cjj  as  a  variable  isas  not  warranted  by  the  intent  of  this  ana¬ 
lysis,  which  was  to  deter?dne  the  vd-ocities  for  the  range  of  droplet 
sizes  found  in  the  data.  The  ainiaam,  ztode  and  nariacin  dianster  drop¬ 
lets  for  arial  slices  i  and  2  were  used  in  the  analysis.  The  results 
are  presented  in  i^ble  XXV,  It  shows  the  distance  different  size  drop- 
lets  travel  before  their  velocities  are  zero.  Actually,  the  droplets 
weald  not  travel  as  far  as  is  shown  because,  as  they  dec^erate,  the 
Reynolds  number  decreases  and  Cjj  increases,  bringing  the  dro;^st  velo¬ 
city  to  zero  much  quicker.  Recall  constant  Cjj  was  assumed.  The  drop¬ 
let  v^ecities  at  different  axial  positions  from  their  foroatioa  point 
is  also  shown. 

Droilet  velocities  are  seen  to  vary  significantly  over  the  range  of 
droplet  sizes.  Hence,  mass  loss  rat,*  from  the  jet  at  given  axial  posi¬ 
tions  or  slices  cannot  he  determined  unless  the  origin  (feraation  posi¬ 
tion)  of  the  various  droplets  was  known. 

The  Weber  number  criteila  for  droplet  stability  (HejailO)  was  ap¬ 
plied  to  the  flow  conditions  of  the  liquid  jet.  The  result  was  a  drop¬ 
let  whose  diameter  was  1060  microns  or  less  was  stable.  The  largest 
droplet  observed  in  this  investigation  was  913  micions.  Hence,  all 
dro]^ets  were  stable.  This  Implies  no  secondary  breakup.  The  droplet 
distrllxition  is  a  direct  result  of  jet  breakup.  As  cited  earlier,  one 
caxt  infer  that  jet  core  size  has  an  effect  on  droplet  size.  As  the 
core  becomes  smaller  the  droplet  size  shed  becomes  smaller  based  on  the 
observation  of  mode  shift  between  axial  slices  1  and  2,  The  droplet 
size  distributions  observed  at  various  distances  from  the  injection 
point  are  also  affected  by  the  variation  in  velocity  of  the  different 
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Z2Vg  XHOHST  iUM.  TSOdgl 


D 

(sicrcEJs) 

\=0 

(iEcbes) 

«  3.25“ 
(fTs) 

^x  =»  3.75* 

(fxs) 

Sm.  (41) 

52 

1.99 

83.9 

1.153 

95 

4.72 

2if.2 

15.9 

152.2 

.8?3 
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14,3 

60.2 

57.5 

340 

.649 

856 

81.2 

^.8 

74.3 

1^ 

.453 

913 

87.7 

75.1 

74.1 

1440 

.448 
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sice  sro?*ets.  iszgar  GrcjieSs  trzrel  tsztbsr  p.ni  aBaigisio  tbsir 
^slocitiss  Iscger  tbsrj  do  tSs  scalier  ^sa^isAs,  la  ssxsazj,  it  argeass 
t»o  cjasfliciiag  ^«noi£cna  are  irriersctirg  to  gzccpce  droglat  sise  die- 
tiritetica  at  -saziGiss  distances  fzaz  taa  isjsctioa  paint, 

d,  Ccstcerissa  cf  Batai  “rbe  data  bfetaiaed  fro®  tbis  inr&sti^tfcicn 

(tt) 

yeas  cc^rersd  with  that  of  Vapcur  ,  Predicted  scan  diaasster,  D^,  aas 
obtained,  fro®  tbs  fersKsa  cofrreiatica  eqcatioa  (21).  Pero?  «as  tbs  calj 
scarce  fcoai  aMcb  bad  diroplet  data  for  a  jet  into  still  air  at  the  flcar 
ccaditioss  sisEilar  to  those  of  this  imresti^tioa,  la  fact,  Pepoy  is 
the  only  buntn  soarce  of  recent  tinss  aith  sli^e  liooid  jet,  atsKS- 
pesric  air  droplet  data.  Haratai’s  eqcatioa  is  the  caily  knoxn  droplet 
diaseter  correlati<n  equation  for  a  liquid  jet  Isio  still  air,  Ctsspari- 
s<Hi  of  data  with  that  of  Pops?  is  presented  is  Table  XXVI,  Qm  caa 
observe  the  followingi 

1)  The  nuabsr  fraction  of  droplets  within  the  vasrious  size 
ranges  were  quite  siBiiar,  Coaparison  was  cade  with  slice  2  data  tdiich 
was  obtained  at  approxicately  35  orifice  diaseters  froa  the  injection 
point.  Popov  data  was  talcen  130  diaaeters  froa  the  injection  point.  In 
ciddition  to  the  location  at  which  the  data  i^s  taken,  the  only  other 
significant  difference  in  test  conditions  between  this  investigation  and 
that  of  Popov  was  the  orifice  diaDeti?r,  The  fact  that  drop  size  distri¬ 
bution  does  not  appear  to  be  proportionad  to  orifice  diaaeter  substanti¬ 
ates  the  hypothesis  that  size  distribution  is  affected  siaultaneously  by 
jet  core  size  and  velocity  variation  of  the  droplets  at  different  loca¬ 
tions  from  their  fomation  point,  due  to  differences  in  drag  on  various 
sized  droplets, 

2)  The  Sauter  mean  diameters,  compare  closely.  It  is  not 
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7AsIjS  H^s 


BazoTF 


HfB  T^nrSarr-  •gSrg.^rfcirra 

'  O  ■  ■  '  '  ■  ■ 


.05  ! 

!  .47 

.42 

.10 

.23 

.15 

i 

.17 

1 

.16 

.20  1 

1  .04 

.08 

.1(37 

.0^ 

2e-  . 

^.4x10^ 

59.ixi(P 

i.2xl0~^ 

1,2x10“^ 

1.7x10"^ 

i.TxiO”^ 

z 

,39x10"^ 

Fluids  i 

air^O 

aix/K^O 

D^,  Eicrcns 

i 

390 

375 

2i5 


isoKS  fcr  ^rialn  tfcai  Bo^cnr^s  aiaea  aiaaaster  is  Ea®sTHr,  tMs  is 

tbs  ccsmtcdy  csai  nezn  diaiEeter  in  Ssssiitgi  litgr-iterg.  72^  tsedictai 


frot  tbs  garasa  eTcstim  ftcr  tbs  flea  ccaiiticgs  cf  this  iziyasti- 
^tica  sas  Si  gjggtrs  and  that  fcr  tbs  Pepor  cenditisns  at  tfce  saais  3e 
(oSsIO^  aas  35  aicrces,  An  grplanaticp  for  this  is  that  HazTreo  ccr- 
relatad  to  data,  that  -sas  aiostlj  ostainsd  froa  Jsts  injected,  at  high 

(aaiocities)  izzto  cgyaibers  ancse  air  densitiss  irsre  as  order 


of  nagnitaie  or  than  atacstbsric  air.  It  fcas  bssj  sboaa  bjr  aany 
inTssti^tors  that  as  Telocity  and  gas  dersity  increase  dropist  dia- 
sster  dscreasss.  See  ISaaLe  U  in  (^pter  H,  Sectim  3.  Popor  also 
sbo3s  that  air  density  Increase  bas  an  effect  of  decreasing  dzro^et 
size.  Scats  data  to  which  F^-rafT>  correiated  sas  obtained  fros  swirier 
tjrps  atosdzers,  Sizsce  the  zszige  of  conditions  to  which  Hazaon  cor^ 
zTJ^ted  was  different  frea  those  of  this  invest i git iesn  am  of  Popov, 
ais3  in  sons  cases  the  injector  geosstry  vas  not  tiat  of  a  siaple  solid 
jet,  a  tame  coesparisoa  with  the  Eamon  equation  cannot  he  aade. 
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CHAPTEB  Vin 


SUHHAHY  AHD  COKCLUSIOIS 


1,  jKjEpUttds  gsoTith  of  a  Slqtrid  ^art  injected  pezgesrdi  cglnrly 
Isto  a  sspersGsic  gas  strean  Is  a  ftEKticQ  cf  distance  frox  tb®  tnjEC- 
tica  point  and  inertial  farces  acting  cn  tits  Jet,  Fluid  xfcjslcal  skj- 
parties  siacfa  as  surface  tensica  and  riscosity  bad  a  negliglblg  eff«ct 
C2J  Jet  brea^ztp  nnder  tte  test  coaditicas  of  this  investigstion, 
AnpHtude  Yariation  can  be  sodded  by  an  eonaticn  szkjss  f era  Is 

A  =  CS  ®  q  ** 

K-ore  than  csie  node  of  axpGLitt^s  vas  obsefTred  to  ocenr  aloz^  the  Jet 
trajectory, 

2,  Wareleiigth  groath  is  also  a  fancti<»  of  distance  frrai  the  in- 
Jection  point  and  inertial  forces,  and  can  be  nodeled  by  an  eonaticn 
siaiiar  in  fom  to  that  "feich  nodels  asplltnde  variation.  It  appears 
that  wavelength  is  sore  sensitive  to  the  whipping  action  of  the  liqoM 
Jet  than  is  aaplitude, 

3,  A  relationship  beriween  Jet  aaplitude  and  wavelength  can  be 
obtained.  Each  of  these  j^enoaena  ray  have  a  bearing  on  droplet  siise 
distribution  resulting  froa  Jet  breakup, 

4,  Holography  can  be  applied  to  supersonic  fields  to  obtain  li¬ 
quid  jet  aa^itude  and  wavclei^gth  data.  Acquisition  of  droplet  data 
is  limited  by  droplet  size  and  speed.  That  is,  droplet  size  in  a 
supersonic  gas  streaa  say  be  below  the  resolutivui  capability  of  the 
holographic  recording  system  (in  this  case  approxijsately  15  microns) 
ind  droplet  motion  may  be  sufficient  to  smear  the  image »  althou^  laser 
pjlse  width  is  extremely  small  (jO  nanoseconds  for  the  laser  used  in 


this  izirestl^ticsi). 

5*  Tits  setbods  bare  beea  devised  far  retiieval  of  hglc^rathie 
data,  Oss  retrisres  the  data  directly  frcs  the  bologras  and  izrccts  it 
<si  tape  for  redocticn  azsi  asslvsis.  The  alteraate  zethod, 

idiich  as  less  sophisticated  cot  y(gfehle»  iss  an  interatediate  step  of 
ptotographlng  planes  vithin  the  bdlog^s-thic  scene  vdoxe  and  pmcessing 
the  resuLtlng  f il*  on  a  reading  aachlne  to  prepare  the  data  for  re- 
doctitai  and  analj^-ls. 


6*  An  analytical  nefchod  for  xedncing  three-dinensional  droplet 
data  has  been  developed.  The  setlwd  consists  of  a  systen  of  eoapoter 
prt^rass  iMch  analyze  spatial,  size  and  sass  distribution  of  the 
dro^ets. 


7t  Off -axis,  transsdssion  hologratiiy  can  be  used  to  determine, 
quantitatively,  spatial  distribution  of  droplet  nuaber,  size  and  aass 
under  certain  flow  conditions.  This  has  been  denonstrated  by  in;}ecting 
a  turbulent  liquid  jet  into  quiescent,  atnospheric  air.  Acquisition 
of  holograiMc  droplot  data  in  gas  streans  is  possible  with  liaitations, 

8,  Radial  distribution  of  droilet  nunber  and  naso  is  well  behaved, 
and  Honotonically  increases  to  '  oaxi^iua,  then  decreases  as  radial 
position  increases.  No  radial  variation  in  mean  droplet  diameter  was 
detected,  bearing  in  mind  that  the  number  of  droplets  in  each  annulus 
was  small  for  the  class  size  range  which  they  spanned.  Jet  spreading 
increases  with  increase  in  distance  from  the  injection  point. 
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9»  A  variation  in  droplei  si»e  dlstribation  exists  with  axial  po¬ 
sition  frcHi  tbs  injection  point.  The  acds  (the  size  interval  in  which 
the  aaxigas  imaher  of  droplets  occttr)  'beccses  ssaller  with  increase  in 
axial  distance,  ^jis  say  he  due  to  the  redaced  size  of  the  Jet  core 
with  distance.  The  droplet  size  distrihiition  far  the  date  from  this 
investigation  is  "best  characterized  by  a  codified  general,  exponential 
or  log-probability  function,  Hass  loss  rate  froa  the  Jet  at  various 
longitndiml  positions  could  not  be  deteiained  because  dropQet  velocity 
varied  widely,  devendiag  on  droplet  dlaseter. 

10,  The  literature  searoh  revealed  that  dinensionless  paraiaeters 
in  the  fom  of  Reynolds  and  ¥ebsr  nuabers,  but  not  necessarily  accor¬ 
ding  to  the  conventional  definition  of  these  nunbers,  were  aost  preva¬ 
lent  in  droplet  mean  diameter  cozrrelation  equations.  Over  the  gas 
environments  froa  still  air  to  supersonic  streams ,  the  variables  of 
Jet  orifice  diameter,  gas  and  liquid  densities ,  gas  velocity  and  sur¬ 
face  tension  appeared  most  frequently  in  the  correlation  equations. 
Regardless  of  environment,  each  had  the  same  effect,  stabilizing  or 
destabilizing,  on  Jet  breakup,  but  the  degree  of  influence  of  these 
parameters  varied  in  the  different  flow  regimes,  Gais  velocity  or 
relative  velocity  tes  the  greatest  affect  on  Jet  breakup  regardless  of 
flow  regime. 
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APPENDICES 


ASrSSnJH  1 

gosi^e  Block  Ccatcfgr  3€rm^-=»-ry  layer  Ccgrectica 

?03  casic  Eossls  oloca:  design  afelch  ras  csed  sas  tbs  saig  as  tist 
for  tea  EUA  scperscnic  sird  tenn^,  Eo»e»ar,  dae  to  ihe  difference  in 
operating  pressare  iev;^  (the  HOLA  tnnssl  operates  at  ataosxberic  pres¬ 
sure  in  the  ^enua  chaaoer,  xt areas  tbe  tuznel  used  in  vgis  investi^- 
ticHi  is  a  nLcradoKn  type  raich  operates  at  a  total  pressure  fresa  iOO  to 
300  psia)  ijetireeii  the  tso  wind  tunnels,  a  correctioa  to  the  "boundary 
layer  had  to  "be  sade  to  aaintatn  the  flow  at  Kacb  3  in  the  test  sec¬ 
tion. 

The  procedure  which  Sandherg-Serrell,  designers  of  the  UCLA  tunnel, 
used  in  establishing  the  proper  nozzle  contour  is  described  below. 
Boundary  layer  developaent  along  the  two-dinensional  nozdle  wall  was 
assuned  to  be  turbulent. 

Use  the  well-known  Crocco  tenperature  profile 
\oo  -  J_  -  h£_  J  /u.A  ^  .f/oo"  /guA/iL  . 

^  ■  T„  n  T„  \  7„  ^ ' 


and  the  velocity  profile  law 


in  calculating  the  displacement  thickness 
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zrd  acaiigaUa 


0.= 


=  f  /L\/“  Vi-— ^4/i\ 


(^) 


TntTT^ftsl  iniegrasion. 


5rcm  eqcaiiosis  (3)  anS  (4) ,  calcnlate  tbs  shape  faster 

H  =  f  (5, 

Tbs  Toa  Kazaan  soagrtna  inisgral  fear  st^dj  tHO-d^gansicgtal  flow  can  be 
derived  In  terns  of  ^  *  azjd  0 


(6) 


dz  u  ®  y  (Jz 

The  Eainstreaa  is  isentropic  ani  isenergic  in  the  absence  of  heat 
sources,  Sq^uation  (6)  can  be  pot  in  a  nore  usable  fora  in  the  following 
cannert 


Use  the  Bernoulli  equation 

p 

t  ■  ^ 

and  differentiate  it 


..Z 

4-  -  constant 


_L  dp.  —  _1i  Ji! 

\  -  dz 

Use  the  following  relationships 

dl 


S*=l)o 

^  =  Xw 

M  =1L 


(isentropic  flow) 


a 
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Koar  substitute  tbsse  isto  eqistioa  (6)  to  cbtein 

i2\i  rrfci-Cf 


dx 

Hoa  ccEScentrate  cn  the  expressica 
teaas  of  fech  mniber. 


±dy 

K  liz 


{'/) 


to  pert  in 


Froa  the  definition  of  ’ifzch  zmaber  far  a  perfect 
M  r  ik  =  — 

tais  the  Icgariths  and  differentiate  to  obtain 

dH  ^ 


li 


li  '  H  t/t 


f 


(8) 


Substitute  the  isentropic  relationship 
I  ^ 

into  eqtation  (8)  and  perfora  the  differentiation  on  ttet  tera  to 
obtain 


c(_0  I 

U 


i  1 

7)  now  becoaes 

«r 

\l  ‘  \ 

clA{(Xi  ^ 

[l+MMi  y 

Hmo,) 

dz  ^ 

(9) 


Bartz  proposed  the  following  expression  for  skin  friction 


jtn 


1 


where  Re, 


n+j 


lot  I 


(10) 


OOj 


'A 

Substitute  equation  (lO)  into  (9)  and  bring  out  0  from  Re^  so  (9) 


cem  now  be  written  in  the  for^ 


^1- 


(11) 
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P(t\  (-L\ 

I  i+kVi;  jlnj  dz 

33jd  7  /  ^  ll--iu/-i 

N  /.  \blir  i  !%«/  7  /a>  ''  otI”” 

KnV^"  7^  l^J 

1  \A  Ve^J  J 

Divide  eaoatiaa  (11 )  tnroa^  by  ^  y  note  that 

^  -  ml  dfi^ 

JT  n«  iz 


n--2u/*-« 


ami  BaSe  the  transforastitHi 
_  nt3 

&  =  0"^' 

one  will  obtain 

ii+f(z)e  =  («  Q(z) 

Jz  n+i  "  ' 


=  Q-l^) 


wh“re 


Equation  (12)  is  a  linear  first  order  equation  whose  solution  is 

0Cz)  =  e-^"^^"[fe^''-‘'"ac)z  +  6c]  (13) 

where  ^  ^  is  the  initial  Eoaentua  thickness. 

After  solving  for  0 «  0  can  he  ohtadned.  Finally,  ^  *  can  be  obtained 
from  equation  (5).  The  variation  1®  ^  *  along  the  longitudinal  axis  of 
the  nozsle  is  applied  to  the  ideal  nozzle  contour  to  correct  for  boun¬ 
dary  layer  growth. 

To  correct  *  from  atraosjiieric  to  some  other  total  pressure  one 
need  only  correct  for  the  change  in  mass  flux,  ,  In  the  expres¬ 
sion  for  Q  assuming  the  shape  factor  remains  constant.  H  «  H  .  , 

Pq  atmos 

In  equation  (13) 
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Using  ?liegner*s  equation  holding  throat  area  and  total  teapera- 


ture  constant,  the  flow  rate  hecones  a  function  of  total  pressure  only 


(15) 


Horaally  n  =  7  according  to  the  1/7  power  law  for  velocity  distribution. 


n  * 


Using  this  with  equations  (14)  and  (15)  the  ratio  of  Cp  / 


can  be  deterrained. 


Xnouing 


o  atmos 


f 


then 


can  be  deterainei 


anH  the  correction  to  the  nozzle  contour  made. 


APPissjix  n 


Bistxiogtlcgi  Faagiiffii  Sqaatioas 


log-ProlsMllfcy  DisixiDation  (jciLvs&  sodels) 

dvo^-  V'^I  8 

dx 

VOlM  =  Vt  (  ^  erf  ft})  t  =  S  In  ( j 
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^35 


Nukiyama-Tanasawa  Distribution  (voluae  aodels)  .  ^ 

di  ^xfN  f  r(Vs) 


f(g-,4  0  =  4^,0  ,  z  = 

r(c; 


)  VOJ-  It) 
VOiW) 

U 


=  b  'n  X 


-  e.Vf 


votcx) 


Set  b  «  I  for  the  modified  distribution 
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APPSHDIX  in 


Liquid  la.lection  Igto  a  Supersonic  Stream  Data  Reduction  Equations 

, \yx. 

R) 


i,  Mach  No,  ( 

h  = 


A 

k-> 


2.  Static 


T  =  T^( 

or  froa  isentropic  irelatioas 

3«  Sonic  Velocity 

4,  Local  Gas  Velocity 

Vj-Ma 

5.  Gas  Flow  Rate 


. . . 

vX 


Wj^  “  Obtain  from  flowmeter  and  check  with 


7,  In.lectant  Velocity 

Vo- 


i = ^ 


and  check  with 
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APPENDIX  IV 


Droi^et  Smtial  Volume  Correction 

By  geoHstry  and  reference  to  the  Spatial  Voltone  Correction  figsare, 
one  can  show  that  the  area  blocked  by  the  solid  jet  i& 

=  +  -A!-^cos''[-^)jR^  (1) 

where  N  is  the  annulns  number  l,2t  •***!«» 

The  general  equation  for  the  circle  eegnent  area  is 


Total  Area 

Assuming  symmetriceil  distribution  of  the  droplets 

Vtot  -  \A<i5 

where 


Substituting  from  equations  (l)  and  (2) 


The  expression  in  the  brackets  is  the  area  correction  term  for  adjusting 
the  droplet  volume  observed  to  the  tsnie  volume. 
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LASER  LIGHT 

DROPLET  SPATIAL  VOLUME  CORRECTION 
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APPSHDH  V 


Jet  Aaplitxido  and  Wavelength  Growth  vs,  Trajectcry  Distance 
Llqgid  Jet  AahLitude 

The  following  diacussicn  aad  figures  are  presented  to  givo  the  rea¬ 
der  a  better  liiysical  picture  of  the  liquid  jet  amplitude  behavior.  The 
data  plotted  in  Figures  V-1  thrcu^  V-6  is  that  tabulated  in  Table  X  of 
Chapter  VI,  Each  Figure  contains  data  frea  the  various  tests  grouped  in 
ascending  value  of  q.  The  jatrpose  for  this  grouping  is  to  observe  the 
d^^aamic  pressure  ratio  variation  effect  on  amplitude.  If  one  would  over¬ 
lay  the  Figures  or  place  then  side  by  side,  he  would  observe  that  the 
nean  line  drawn  through  the  data  points  shifts  frea  the  upper  lef*  side 
for  Figure  V-l  to  the  lower  ri^t  side  for  Figure  V-6,  This  indicatec 
that  there  is  a  trend  with  q  and  amplitude  growth  decreases  with  in¬ 
creasing  q.  This  confirms  that  equation  (32)  in  Chapter  VII  predicts 
the  c«a:rect  behavior  of  amplitude  with  dynamic  pressure  ratio.  Also, 
the  Figures  reveal  that  amplitude  increases  with  Increase  in  distance 
frai  the  injection  point.  This  too  is  predicted  by  equation  (32) »  A 
closer  study  of  the  Figures  will  reveal  that  the  q  trend  is  not  mono- 
tonic  in  the  mid-range  (q  »  20*s  and  30*s,  Figures  V-3  and  V-4)  and  the 
slopes  of  the  lines  vary  somewhat  from  figure  to  figure.  This  periiaps 
is  due  to  the  fluctuating  nature  of  the  jet  breakup  and  the  fact  that  an 
instantaneous  record  was  made  of  a  time  varying  phenomena.  If  the  holo¬ 
grams  of  each  of  the  flow  fields  were  taken  when  the  jet  penetratien 
was  a  mxlmum,  for  example,  one  would  expect  amplitude  variation  with  i 
to  be  raonotonic. 

Another  observation  which  can  be  made  is  that  segregation  of  the  data 
by  liquid  type  does  not  occur j  the  only  exception  is  of  the  methanol  test, 
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Trajectory  DistaTice,  S 


Figure  V-3. 


Aaplltude  NTS.  Trajectory  Distance 


P1^5ur«  V-4,  AapLltuda  vs.  Trajectory  Distance 


I 


O  <1  -  39.6,  HgO,  ia-8 

□  q  »  45,5t  Frcei,  I®-27 
A  4  "  ^7.9,  Methaa^,  DH-29 


Figure  V-5.  Amplitude  w.  Trajectory  Dlstanco 
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Anplltudc 


O  q,  ■  52o5»  Trichf  JSi-25 
□  q  "  53o2t  Phetoflo/iiter,  IB-32 


DR -30,  in  Figure  V-4,  An  explaaatiea  for  this  In  teras  ef  fluid  physi¬ 
cal  properties  cannet  be  given. 

Liquid  Jet  Wavelength 

The  wavelength  data  presented  in  Figures  V-7  through  y-12  is  that 
tabulated  in  Table  XI  of  Cluipter  VI,  The  stateaents  aide  above  about 
the  aaplitude  data  apply  equally  well  to  the  wavelength  data.  The  wave¬ 
length  data  for  teat  DR -30  in  Figure  V-lO,  however, is  very  nuch  in  line 
with  the  other  test  data  on  the  saae  figure.  The  data  of  the  trichloro¬ 
ethylene  test,  I®-23»  of  Figtire  V-8  and  the  methanol  test,  DR -29,  of 
Figure  V-11  toad  to  separate  from  the  rest  of  the  data  in  their  respec¬ 
tive  figures.  The  explanation  offered  for  this  behavior  is  perhaps  the 
jet  penetration  trajectories  for  these  tests  were  in  a  different  position 
than  tnoso  of  the  other  tests  on  the  respective  curves  at  the  time  the 
holograms  were  taken. 
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Trajcctoiy  Di£-t:Jico,  S 

Figure  V~7,  Wavelength  vs,  Txajectery  Distanoe 
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I  o'  I  o<  I  o'  I  o* 


1^1.0,  HgO,  IS-17 
14.5.  HgO,  3B-12 

15.7,  H2O,  IB-2 

15.7.  E^O,  IB-14 


G  q  =  16.4,  HgO,  Da-5 
G  q  o  16,4,  KgO,  IB-20 
<3>  q  »  16.6,  H^O,  IB-ll 
^  q  *  17.4,  Trichp  DH-23 


Q] 


4 


W 


60  eo  100 


’iYdj'clory  S 


ire  V-8,  Sffcyelea^jth  v3,  Trajactory  Diataaco 
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I  0«  11  CT*  I  0‘  j 


O 


es 


32eO,  Hj,Oj  I®-iO 

32,0,  Freofl,  mi-^28 

35. S,  Fnafeoflo/Kater,  ia»3i 


-  35.9,  Merfehjyaol,  BR«30 

“  3?.3,  HgO, 


2  4  6  e  10  20  iiO  6c  80  100 

Trajectory  DitieJico,  S 


Figure  V-10,  Vaveleagth  vs.  Trajectory  Dlstaoee 
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